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Chapter  1: Introduction

Fungi are important, both ecologically and economically. They are essential for the survival of (terrestrial) ecosystems, as they are capable of degrading a vast amount of biological compounds, thereby enabling nutrient cycling. White-rot fungi are the most important organisms involved in the degradation of lignin, a process vital for releasing carbon and nitrogen back into the ecosystem (Tuor et al., 1995). Fungi also show a remarkable ability to degrade or sequester artificial compounds or harmful toxins in soil, allowing partial detoxification of polluted areas (Hall, 2002). Mutualistic interactions between fungi and organisms from virtually all domains of life have dramatically affected the environment and the evolution of many species. 
Lichens, the symbiosis between fungi and algae or cyanobacteria, are important pioneer species of new substrates, initiating the primary succession of an ecosystem (Campbell and Reece, 2005). The mutualistic interaction between fungi and plant roots, mycorrhiza, is extremely widespread among plants. It is estimated that 92% of land plants form mycorrhizas, predominantly in the form of arbuscular mycorrhizas (AM) (Wang and Qiu, 2006). AM are formed by an interaction between plants and glomeromycetes and are found in all extant land plant families, suggesting they were key in the emergence of land plants (Wang and Qiu, 2006). 

Exploitation of fungal characteristics by man have greatly benefited our society for several millennia (Peintner et al., 1998; Wasser, 2011). Without fungi, we would not have antibiotics, bread or alcoholic beverages, for example. The production of edible mushrooms makes up a large and significant global market. The top three producers of 2011, China, Italy and the USA together produced over $11 billion worth of edible mushrooms (Food and Agriculture Organization of the United Nations, 2012). Many organic compounds, such as citric acid, are almost exclusively produced in fermentors by fungi like Aspergillus niger, due to their high rate of secretion and relative ease to genetically manipulate (Sauer et al., 2008).

While fungi have many positive influences on ecosystems, they also can be a major problem in agriculture. Fungal infection of crops, leading to significant yield loss, is a significant problem globally. It has been estimated that between 2001 and 2003 the global yield loss of wheat, rice and potato due to bacterial and fungal pathogens was between 10.2% and 14.5% (Oerke, 2006). Fungi are the biggest causes of yield loss due to plant disease. The fungi Magnaporthe grisea, Thanatephorus cucumeris and Cochliobolus miyabeamus are the most devastating pathogens on rice (Oerke, 2006; Savary et al., 2012). In the Netherlands in 2009, 52.3% of all chemicals used on crops were fungicides, illustrating the importance of deterring plant pathogens from cultivated areas (Centraal Bureau voor de Statistiek, 2010).

Pathogen and host share an intricate relationship, where host genomes are under selective pressure to evolve resistance to a pathogen, while pathogen evolution is necessary to break host resistance. In this race for survival, rapid adaptation of both parties is of utmost importance. For pathogens, it is essential to gain new virulence factors and effectors that are no longer recognised by the host plant’s immune system. Broadly speaking, there are two ways for pathogens to evolve new virulence traits to enable infection. The most straightforward method is vertical gene transfer (VGT). VGT adheres to Darwinian selection, where genes that carry mutations that have a positive effect on virulence are passed from parent to progeny via sexual or asexual reproduction. This method relies on the modification of genes that are already present in the organism’s genome. The second method for virulence gene acquisition is horizontal gene transfer (HGT). HGT is the process where genes are exchanged between different species, allowing new genes to be incorporated into the genome. This process is often seen in bacteria, where plasmids harbouring virulence or antibiotic resistance genes are directly transmitted to different bacterial species by conjugation (Ochman et al., 2000). The propagation of such plasmids enables rapid host switches in pathogenic bacteria and can even turn non-pathogenic bacteria into virulent strains. The emergence of Shigella, a human bacterial pathogen, from non-pathogenic strains of Escherichia coli can be traced to the incorporation of a virulence plasmid, the deletion of one chromosomal gene and the addition of the SHI-1 and SHI-2 genes (Ochman et al., 2000).

HGT events between eukaryotes are rare, but have contributed to the diversification of eukaryotes. Tertiary endosymbiosis is a form of endosymbiosis, where a eukaryotic cell is incorporated into a larger eukaryotic cell and become organelles. During the evolution of these organisms, genes found in the organellar genome can be transferred to the nuclear genome. This is an example or large-scale HGT between eukaryotes and has been thought to be the cause of the emergence of the protist phylum of the Dinoflagellates (Bock, 2010). HGT leading to the emergence of new pathogens has also occurred during the evolution of eukaryotes. It is thought that a major transfer of genes from fungi to oomycetes facilitated the evolution of plant parasitic oomycetes.  Comparison of oomycete and fungal genomes identified 34 gene families that were acquired from fungi via HGT, most of them encoding secreted proteins, enzymes involved in the breakdown of plant cell walls and genes linked to plant immune system suppression (Richards et al., 2011).  It is thought that this transfer occurred just before the diversification of the oomycetes (Richards et al., 2011). In contrast to the rapid exchange of DNA between bacterial strains, HGT between eukaryotes are mostly ancient events (Bock, 2010; Ochman et al., 2000; Richards et al., 2011).
No mechanisms for the active uptake of foreign DNA have been identified in eukaryotes. While plasmids are sometimes found in filamentous fungi, they do not contain many genes and are found in mitochondria rather than the nucleus (Griffiths, 1995). Virulence plasmids do not exist in pathogenic fungi. Nevertheless, a similar concept may exist in fungi: Conditionally dispensable (CD) chromosomes, which are small chromosomes that are not essential for saprophytic growth, but are essential for the colonisation of a specific niche. Like virulence plasmids, these CD chromosomes contain effector genes and are thought to be obtained via horizontal transfer (Coleman et al., 2009; Temporini and VanEtten, 2004). These chromosomes have been identified in a number of fungi, including the Ascomycete fungi Alternaria alternata, Fusarium oxysporum and Nectria haematococca (anamorph Fusarium solani). While these fungi are largely non-pathogenic, these three species exist highly virulent strains that cause devastating infections on crops. 

F. oxysporum spores can be found in both cultivated and uncultivated soil around the world, and while most of these spores belong to non-pathogenic isolates, over 70 different pathogenic strains that infect single or few hosts, i.e. formae speciales, can cause root rot or vascular wilt disease (Kistler, 1997). The recently emerged pathogen F. oxysporum f. sp. cubense is responsible for Panama disease, which currently is a significant threat to banana cultivation in Asia, Australia and Africa (Ploetz, 2006). F. oxysporum f. sp. lycopersici causes wilt on tomato and is the best studied forma specialis of this species (Ma et al., 2010; Rep and Kistler, 2010; Temporini and VanEtten, 2004).  
N. haematococca isolates are grouped into mating populations (MP) which consist of isolates that are sexually fertile with one and other (O'Donnell, 2000). N. haematococca mating population VI (MPVI) is the best studied mating population of N. haematococca as it causes footrot disease on pea (Han et al., 2001; O'Donnell, 2000). It is estimated that infection of N. haematococca MPVI on pea can reduce yield up to 37% (Oyarzun, 1993). N. haematococca is also pathogenic on chickpea (Miao et al., 1991). 
A. alternata is found worldwide and can grow as a saprophyte or plant pathogen (Thomma, 2003). Pathogenic strains of Alternaria alternata cause black spot on what appears to be a broad spectrum of hosts. Like F. oxysporum,  pathogenic A. alternata strains are also subdivided into different pathotypes with a narrow host range, such as the strawberry, apple and tangerine pathotypes (Hatta et al., 2002; Ito et al., 2004).
While CD chromosomes have been observed in a number of fungal species, little is known about the mechanisms that create these chromosomes and methods of transfer between species. 

In this thesis I will discuss how CD chromosomes have enabled filamentous fungi to infect new hosts and to what extent horizontal transfer of CD chromosomes has enabled these host switches. With the rising world population and the need to increase food production, it is essential to find ways to stop fungal pathogens from infecting crops (Savary et al., 2012). The infection of plants by fungal pathogens is a complex process involving many genes of both host and pathogen (Faulkner and Robatzek, 2012; Friesen et al., 2008). It is often difficult to identify all genes that play a role in the infection of a plant host, but genes acquired by horizontal gene transfer are relatively easy to identify as they stand out from the vertically transferred genome (Coleman et al., 2009; Ma et al., 2010). Furthermore, it is possible that genes on CD chromosomes regulate other virulence related genes elsewhere in the genome, which may lead to the identification of virulence regulators. Lastly, if CD chromosomes are exchanged between different strains or species, it is possible that new pathogenic strains can evolve, which harbour several CD chromosomes and thereby infect a broad range of hosts. The emergence of such pathogens would have dire effects on crop cultivation and yield. Studying the makeup, origins and propagation of CD chromosomes therefore offers a unique insight into how new fungal plant pathogens emerge and what kind of genes are essential for this process. Furthermore, understanding CD chromosome transfer can lead to the development of strategies that allow monitoring and identification of new, emerging pathogens.


Chapter 2:  Structure and identification of CD chromosomes

2.1 Genome organisation and types of chromosomes
The blueprint for every organism is encoded within its genome. As would be expected from the immense biological diversity in all domains of life, genome size and content are highly variable. Bacterial genomes are usually between 0.6 and 10 Mb in size (Moran, 2002). The genome usually exists of circular, chromosomal DNA and circular, plasmid DNA (Brown, 2007a). The chromosomal DNA can be present as a single chromosome, or may be split up into a few chromosomes and that are only replicated before cell division (Brown, 2007a; Madigan et al., 2009) Furthermore, chromosomes contain essential genes, meaning that the chromosomal genome must be present in a bacterial cell for survival (Madigan et al., 2009). Plasmids, on the other hand, harbour genes that can yield a selective advantage under specific circumstances, e.g. antibiotic resistance or host infection (Brown, 2007a). They also can be replicated independently of chromosomal DNA replication, allowing multiple copies of a plasmid to be present in a bacterial cell (Brown, 2007a). 

Table 2.1: An selection of eukaryote genome and chromosome sizes. Sizes were determined directly via sequencing (*) or estimated using agarose gel electrophoresis (#).
Organism	Genome size	Chromosome size range	Reference 
Animalia			
Caenorhabtiditis elegans*	97 Mb	12.8-20.8 Mb	WormBase, 2013
Drosophila melanogaster*	180 Mb	4.3-68.8 Mb	Adams et al., 2000
Danio rerio*	1.4 Gb	38.4-77.2 Mb	Genome Reference Consortium, 2013a
Homo sapiens*	3.32 Gb	59-249 Mb	Genome Reference Consortium, 2013b
Fungi			
Aspergillus oryzae*	37 Mb	3.3-6.4 Mb	Machida et al., 2005
Candida albicans*	14.3 Mb	0.95-3.2 Mb	Inglis et al., 2012
Cladosporium fulvum#	44 Mb	1.9-5.4 Mb	Zolan, 1995
Fusarium oxysporum*	46.6-84.8 Mb	1.6-6.8 Mb	Broad Institute of Harvard and MIT, 2011
Nectria haematococca MPVI*	51.15 Mb	0.53-6.52 Mb	Coleman et al., 2009
Saccharomyces cerevisiae*	13.5-14.5 Mb	0.24-3 Mb	Saccharomyces Genome Database, 2013
Schizophyllum commune*	38.5 Mb	1.6-6.3 Mb	Ohm et al., 2010
Planta			
Arabidopsis thaliana*	125 Mb	17-29 Mb	Arabidopsis Genome Initiative, 2000
Other eukaryotes			
Saprolegnia monoica#	51 Mb	0.9-5.8 Mb	Mort‐Bontemps and Fèvre, 1995


Eukaryotic genomes vary greatly from prokaryotic ones. The bulk of the eukaryotic genome is present as linear chromosomes found in the nucleus (nuclear genome). Plasmids are rare in eukaryotes but are found in lower eukaryotes such as Dictyostelium discoideum (Noegel et al., 1985) and some yeasts like S. cerevisiae (Brown, 2007b). The remainder (mitochondrial and plastid DNA) is similar to bacterial chromosomes and will not be discussed further (Brown, 2007b). Eukaryotic chromosomes are characterised by the possession of centromeres and telomeres. Both of these structures consist of specific repeats to which proteins can associate. The centromeric regions on a chromosome allow attachment of the kinetochore during cell division, while the telomeres prevent loss of DNA at the 3’ end of each chromosome during replication (Alberts et al., 2008). 
Eukaryotic genomes are large and highly variable in terms of chromosome size and number (Table 2.1). Animal genomes easily span 100 Mb, with vertebrate genomes being larger than 1 Gb. Fungal genomes are small compared to other eukaryotes, ranging generally between 7 and 47 Mb, but plant pathogens such as Golovinomyces orontii and Erysiphe pisi are estimated to have genomes larger than 100 Mb (Spanu et al., 2010). Moreover, fungal chromosomes are quite small as well (Table 2.1). Fungal chromosome size ranges between 0.2-7 Mb (Zolan, 1995). Animal chromosomes are much larger, with sizes ranges of 12.8-20, 38.4-77.2 and 59-249 Mb for C. elegans,  D. rerio and Homo sapiens, respectively (Genome Reference Consortium, 2013a; Genome Reference Consortium, 2013b; WormBase, 2013). Plants exhibit some of the largest chromosomes observed, but while A. thalianA-chromosomes only range between 17-29 Mb (Arabidopsis Genome Initiative, 2000), the average chromosome size of wheat (Triticum aesticum) is 800 Mb (Heslop‐Harrison and Schwarzacher, 2011).

Eukaryotic chromosomes can be classified into several types, based on their size, content and function (Table 2.2). The simplest classification is separating chromosomes into chromosomes that are distributed in concordance with Mendelian patterns of inheritance (A-chromosomes), and chromosomes that are not (B-chromosomes, minichromosomes, supernumerary chromosomes and conditionally dispensable (CD) chromosomes).  According to Mendel’s Law of Segregation diploid, sexually reproducing organisms pass a randomly selected set of alleles to their offspring (Campbell and Reece, 2005). Haploid organisms initially also acquire a set of alleles both the maternal and paternal strain, but undergo a round of cell division after karyogamy, ensuring that the progeny retains a haploid mix of maternal and paternal derived genes (Campbell and Reece, 2005). In both cases, there is a 50% probability that a given allele is passed to the progeny. As genes are located on chromosomes, derived from the maternal or paternal strain, the same can be applied to chromosomal segregation. Chromosomes that are inherited according to Mendelian patterns are expected to be present in 50% of the progeny. If this ratio of inheritance is not observed in the progeny of a sexual cross, the chromosome is said to deviate from Mendelian patterns of inheritance.  

Table 2.2: Chromosome types found in eukaryotes. A-chromosomes tend to be larger than the other chromosomes, but are not limited to sizes over 2.5 Mb.
Type	Size	Chromatin state	Gene density	Repeat  content	Function during growth	Field of use
A-chromosome/ Macrochromosome	Large*	Mostly euchromatin	High	Low	Essential	Plants, fungi, animals
Minichromosome 	Small, <2.5 Mb	Variable	Variable	Variable	Can be essential or dispensable depending on chromosome content	Plants, fungi, animals
B-Chromosome	Small	Constitutive heterochromatin	Low	High	Dispensable. May have a negative effect if chromosome has a high copy number	Plants, animals
Supernumerary chromosome	Small, <2.5 Mb	Constitutive heterochromatin	Low	High	Dispensable	Fungi
Conditionally dispensable chromosome	<2.5 Mb	Mix of heterochromatin and euchromatin	High	High	Dispensable during normal growth. Essential under specific growth conditions	Fungi

The most common chromosome type is the A-chromosome. These chromosomes are also termed macrochromosomes as they are larger than any other chromosome type that is present in that cell (Brown, 2007b). A-chromosomes are always present in the genome, because they contain the bulk of  an organism’s essential genes. The complete set of A-chromosomes of an organism is also referred to as the core genome (Ma et al., 2010). As such, the chromatin structure of A-chromosomes tends to be mostly euchromatic, which allows easy access to the DNA by the transcriptional machinery of the cell (Alberts et al., 2008; Brown, 2007b). Loss of an A-chromosome is lethal (Brown, 2007b). All other chromosome types appear to be derived from A-chromosomes as they often carry repeat elements or pseudogenes that share homology with elements on A-chromosomes (Brown, 2007b; Covert, 1998; Martis et al., 2012).

In individuals carrying chromosomes exibiting non-Mendelian segregation patterns, the genome of the offspring may contain one, multiple or no copies of these chromosomes. As these chromosomes are often specific to certain strains or isolates, they are sometimes referred to as lineage specific chromosomes (Ma et al., 2010). Loss of one of these chromosomes usually does not have an effect on normal growth, which is why these chromosomes are often termed as dispensable for growth. These chromosomes are also smaller than A-chromosomes (Camacho et al., 2000; Chuma et al., 2003; Covert, 1998; Ma et al., 2010).
One of these chromosome types is the B-chromosome. B-chromosomes are small chromosomes that consist almost entirely of heterochromatin. They have been observed in plants, mammals and insects, but not in fungi, where supernumerary chromosomes were mistaken for B-chromosomes (Camacho et al., 2000; Chuma et al., 2003). B-chromosomes do not pair up with A-chromosomes during meiosis, which leads to an unequal distribution of B-chromosomes to the gametes, explaining the non-Mendelian inheritance pattern(Han et al., 2007; Jones and Houben, 2003). Another difference with A-chromosomes is that they contain little to no functional genes and consist mainly of repeat elements and elements derived from plastid and mitochondrial DNA (Jones and Houben, 2003). Sequence comparisons between B-chromosomes and A-chromosomes of the same species revealed that B-chromosomes are most likely derived from fragments of A-chromosomes (Jones and Houben, 2003; Martis et al., 2012). Several experiments have shown that B-chromosomes are non-essential for growth. Further reports even suggest they may have a disadvantageous effect on the organism. In plants, such rye, possession of multiple copies of B-chromosomes appears to reduce fertility of the plant (Müntzing, 1963). It is unknown what the function of these chromosomes are nor is it known how they are maintained within the genomes of organisms despite appearing to have adverse effects on fertility. 
Supernumerary chromosomes are small chromosomes (<2.5 Mb) that, like B-chromosomes, contain no functional genes, consist largely of heterochromatin and are non-essential for growth. They have been observed in all eukaryotic kingdoms and often are unstable (Covert, 1998; Martin, 1995). A 1.6 Mb chromosome in Magnaporthe oryzae, for example, has shown to recombine with A-chromosomes and other supernumerary chromosomes after several generations (Chuma et al., 2003). Unlike B-chromosomes, the possession of supernumerary chromosomes does not appear to have any phenotypical effect—negative or otherwise (Zolan, 1995).
“Minichromosome” is an umbrella term for all chromosomes that are smaller than 2-2.5 Mb (Brown, 2007b; Houben and Schubert, 2007). As this is such a broad term, many chromosomes clasisfied as such also fit the description of other chromosome types, and the terms minichromosome and supernumerary chromosome are often erroneously used synonymously (Chuma et al., 2003). While supernumerary chromosomes never contain functional genes, it is possible, but no necessary, that minichromosomes do. They can contain essential genes, but this is mostly not the case. Minichromosomes that consist mostly of repeat elements are often unstable (Chuma et al., 2003). Current research is focusing on artificially creating stable minichromosomes to introduce genes into plants or study the effect of chromatin structure on gene expression (Houben and Schubert, 2007).  These chromosomes can be created by fragmenting A or B-chromosomes of plants (Han et al., 2007; Houben and Schubert, 2007).
The final chromosome type is the conditionally dispensable (CD) chromosome. They are small (<2.5 Mb) chromosomes, consisting primarily of repeat elements, but also contain functional genes (Coleman et al., 2009; Hatta et al., 2002; Ma et al., 2010). These chromosomes were previously often classified as supernumerary (Miao et al., 1991), but further examination has shown that they comprise a different type altogether (Coleman et al., 2009). The genes found on CD chromosomes are not essential to normal growth as several strains of a species may lack CD chromosomes (Ma et al., 2010). The genes on a CD chromosome are only essential during very specific conditions, and are therefore termed conditionally dispensable. Thusfar CD chromosomes have only been detected in fungi and have always played a role in the infection of a host (Akagi et al., 2009; Coleman et al., 2009; Hatta et al., 2002; Ma et al., 2010; Masunaka et al., 2005). Lastly, CD chromosomes show poor homology with A-chromosomes  from the same species, suggesting that they may have been acquired horizontally (Coleman et al., 2011; Ma et al., 2010; Masunaka et al., 2005). The origins of CD chromosomes will be discussed further in Chapter 5.


2.2 Conditionally dispensable chromosomes
CD chromosomes are markedly different from all the other small chromosome types, because they always contain functional genes (Coleman et al., 2011; Hatta et al., 2002; Ito et al., 2004; Johnson et al., 2000; Ma et al., 2010; Masunaka et al., 2005; Temporini and VanEtten, 2004). So far, all CD chromsomes have been detected in pathogenic Ascomycetes (Table 2.3). Pseudogenes are found on supernumerary chromosomes, but they often miss essential regulatory sequences in the 5' and 3' UTR or have severe mutations in the exons (Chuma et al., 2003). Furthermore, as genes on CD chromosomes are actively transcribed, these chromosomes have a higher proportion of euchromatin (Coleman et al., 2009; Taga et al., 1999).
A second, important criterium for CD chromsomes is that the loss of a CD chromosome is linked to the loss of pathogenicity on a specific host (Akagi et al., 2009; Coleman et al., 2009; Hatta et al., 2002; Johnson et al., 2000; Ma et al., 2010; Masunaka et al., 2005). Nectria haematococca (anamorph Fusarium solani) and Fusarium oxysporum f. sp. lycopersici  contain supernumerary chromosomes  (chromosomes 15/17 and 15, respectively) and CD chromosomes (chromosome 14). While these chromosomes are similar in size (<2.3 Mb), the main difference is that no functional genes were detected on the supernumerary chromosomes and loss of these chromosomes did not affect pathogenicity(Coleman et al., 2009; Ma et al., 2010).


CD chromosomes and pathogenicity
The first CD chromosome was discovered in the pea pathogen N. haematococca MPVI and several more fungi carrying CD chromosomes have been identified since (Table 2.3). 




Table 2.3: Overview of fungi carrying CD chromosomes. 
Organism	Division	Pathogen type	Hosts	Size 	Virulence genes	Referenced from
Nectria haematococca MPVI	Ascomycota	plant necrotroph	pea, chickpea	1.6 Mb	PEP cluster	Coleman et al., 2009
Fusarium oxysporum 	Ascomycota	plant necrotroph	tomato	2.0-2.2 Mb	SIX genes, ORX1	Ma et al., 2010
			common bean	1.8 Mb	ftf1 gene	Ramos et al. 2007
			pea	1.6 Mb	PEP cluster	Temporini and VanEtten, 2004
Alternaria alternata	Ascomycota	plant necrotroph	apple 	1.1-1.7 Mb	AMT genes	Johnson et al., 2001
			Japanese pear	4.1 Mb	AKT genes	Tanaka et al. 2001
			strawberry	1.05 Mb	AFT genes	Hatta et al., 2002
			tangerine	1.9 Mb	ACTT genes	Masunaka et al., 2005
			rough lemon	1.2-1.5 Mb	ACRT genes	Masunaka et al., 2005
			tomato	1.0 Mb	ALT genes	Akagi et al., 2009
Leptosphaeria maculans	Ascomycota	plant necrotroph	Brassica napus Brassica rapa	0.77 Mb	AvrLm11	Balesdent et al., 2013
Metarhizium anisopliae	Ascomycota	entomopathogen	Tenebrio molitor	1.05 Mb	pr1A, pr1B	Wang et al., 2006

Interestingly, a 1.6 Mb chromosome similar to that of N. haematococca MPVI chromosome 14 and containing the complete PEP cluster was found in F. oxysporum f. sp. pisi (Coleman et al., 2011), which is also pathogenic on pea. While this chromosome was not sequenced and compared to chromosome 14 of N. haematococca, the PDA1 genes encoded on both clusters shared 85% sequence identity (Coleman et al., 2011). A 2.26 Mb CD chromosome (chromosome 14) was also detected in F. oxysporum f. sp. lycopersici. This chromosome harbours the SECRETED IN XYLEM (SIX) genes and OXIDOREDUCTASE SECRETED IN XYLEM1 (ORX1), which are thought to enable infection of tomato (Ma et al., 2010). Non-pathogenic F. oxysporum Fo47 strains transformed with this chromosome were able to infect tomato (Ma et al., 2010). Other F. oxysporum formae speciales, also contain small, lineage-specific chromosomes that are  linked to pathogenicity, which potentially may be CD chromosomes (Schmidt, S., personal communication). F. oxysporum f. sp. phaseoli contains a 1.8 Mb chromosome that is necessary for the infection of Phaseolus vulgaris (common bean), which can thus be considered to be a CD chromosome. (Ramos et al., 2007).
Similar observations have lead to the detection of several CD chromosomes in A. alternata. A. alternata has several pathotypes that have been linked to the presence of small chromosomes. The A. alternaria tomato pathotype strains, for example, carry a 1.0 Mb CD chromosome which is essential for pathogenic growth on tomato (Akagi et al., 2009).The same is true for A. alternaria apple, strawberry, tangerine and rough lemon pathotypes, carrying CD chromosomes of 1.1-1.7, 1.05, 1.9 and 1.2-1.5 Mb, respectively  (Hatta et al., 2002; Johnson et al., 2001; Masunaka et al., 2000; Masunaka et al., 2005). 

Two special cases are the CD chromosomes of Leptosphaeria maculans and Metarhizium anisopliae. L. maculans is a pathogen of Brassica napus and Brassica rapa, and its 0.77 Mb CD chromosome contains functional genes. However, conversely to the examples described above, presence of this chromosome in the L. maculans genome leads to loss of virulence on B. rapa varieties carrying the RLm11 gene.  This avirulence is linked to the AvrLm11 gene on the CD chromosome, but it is not known what this gene does (Balesdent et al., 2013). Loss of this chromosome also did not appear to impair virulence on either host plant (Leclair et al., 1996). This chromosome therefore, probably cannot be considered a true CD chromosome.
Metarhizium anisopliae is, as of yet, the only known entomopathogenic fungus to carry a CD chromosome. A 1.05 Mb chromosome carries the pr1a and pr1b genes, which encode subtilisins, which are toxic to the insect Tenebrio molitor. Loss of this chromosome renders M. anisopliae non-pathogenic to T. molitor (Wang et al., 2006).
	

Differences between the makeup of CD chromosomes and A-chromosomes
While functional genes are present on CD chromosomes, it should be stressed that the gene density of CD chromosomes is much lower than of A-chromosomes (Coleman et al., 2009). CD chromosomes are rife with repeated elements and transposons (Coleman et al., 2009; Hatta et al., 2006; Ma et al., 2010). The precise contents of CD chromosomes will be discussed further in Chapter 3.

CD chromosomes are very different from A-chromosomes, which is visible in codon usage and G/C content. The lengths of genes and pseudogenes also differs between A-chromosomes and CD chromosomes. In N. haematococca MPVI genes on chromosome 14 are 1,327 nt, on average, while the average gene length taken over the whole genome is 1,674 nt. The average number of exons per gene is also lower (2.9 versus 3.1 exons/gene) (Coleman et al., 2009). G/C content of chromosomes 14, (48.7%) is also lower than of the A-chromosomes (51.7%) (Coleman et al., 2009). Another indicator is the codon adaptation index (CAI), which is a measure for codon bias in the ORFs of genes. It showed that the CAI of genes on the CD chromosome of F. oxysporum f. sp. lycopersici was significantly different to the CAI in genes found on A-chromosomes (0.205 versus 0.215, respectively (Ma et al., 2010).

Taken together, these characteristics clearly show that CD chromosomes are unmistakably distinct from other chromosome types. Not only are these generally dispensable chromosomes necessary for virulence on pea, the content of these chromosomes suggests they have a different origin to the A-chromosomes of the same organism. 


2.3 Identification of CD chromosomes
To identify a CD chromosome the loss of pathogenicity must be linked to the loss of a chromosome and attributed to the loss of genes found on said chromosome. This is easier said than done, as this is a laborious process comprising several steps. 

Karyotyping fungal chromosomes
To identify any potential CD chromosomes it is necessary to determine the karyotype of pathogenic and non-pathogenic strains and identify chromosomes that are unique to pathogenic strains. In organisms with large chromosomes, this can be done by examining cells microscopically during mitosis. Due to the small size of fungal chromosomes it is difficult to detect them microscopically (Wieloch, 2006; Zolan, 1995). As CD chromosomes are generally smaller than 2.5 Mb, it is particularly important to be able to confirm reliably the presence of very small chromosomes. 
Using pulsed-field gel electrophoresis (PFGE) DNA of up to 2 Mb in size can be separated and the resultant band pattern can be used as a karyotype (Schwartz and Cantor, 1984; Wieloch, 2006). Chromosomal DNA is run onto agarose gel while subjected to short pulses of alternating electrical fields. The orientation of these fields is inverted with each pulse. This leads to a non-uniform electrical field (Schwartz and Cantor, 1984). With each pulse the direction the DNA travels in is changed (Finney, 2000). The electrical pulses cause DNA to stretch and relax. The time it takes for DNA to relax is dependent on the size of the DNA molecule—smaller molecules relax and realign faster than larger ones, which means larger molecules will not travel as far as smaller ones (Schwartz and Cantor, 1984). A drawback to this approach is that the DNA does not follow a straight path on the gel and it is therefore harder to analyse results (Finney, 2000). A variation of PFGE (Field-inversion electrophoresis) avoids this problem by using a homogenous field and inverting the electric field with each pulse.
If chromosomes larger than 2 Mb need to be examined clamped homogeneous electrical field electrophoresis (CHEF)  can be applied instead (Wieloch, 2006). This technique allows segregation of DNA up to 10 Mb (Figure 2.1). The principle is the same as inverted-field electrophoresis, but the angle of a homogenous electrical field is varied by using six electrodes instead of two, allowing more vigorous separation of chromosomes (Finney, 2000). Nowadays, CHEF is the most commonly used form of electrophoresis for segregation of chromosomes (Wieloch, 2006).

Another difficulty in karyotyping of fungal genomes is that karyotypes can vary strongly between isolates while the genetic content remains the same (Zolan, 1995). This is clearly seen in A. alternata, where karyotypes of the strawberry, apple and citrus pathotypes vary in chromosome number and size. However, the same is true for variation between strains of the same pathotype (Akagi et al., 2009; Hatta et al., 2002; Masunaka et al., 2005). It is therefore imperative that the CD chromosomes can be clearly differentiated from any other small chromosomes present in other strains.
If the genome of the strain is known, it is simple to develop PCR primers or DNA probes that adhere to and amplify sequences on the CD chromosome. PCR analysis, Southern analysis or fluorescence in situ hybridisation (FISH) experiments allow detection of the presence of the chromosome (Akagi et al., 2009; Chuma et al., 2003). If the sequence of the chromosome is not known, but effector genes on CD chromosome are, the sequence of these genes can be used for primer development or probe development (Coleman et al., 2011; Hatta et al., 2006). If absolutely nothing is known about the contents of the chromosome, restriction analysis on this chromosome via PFGE can be performed. DNA fragments from this analysis can be developed into probes for Southern analysis (Chuma et al., 2003).These experiments are often performed to confirm that a change in phenotype (e.g. loss of pathogenicity) is attributed loss of the CD chromosome (Akagi et al., 2009; Hatta et al., 2002). 

Analysis of inheritance pattern
To determine whether a chromosome adheres to Mendelian patterns of inheritance, the karyotypes of CD chromosome carrying strains must be compared with their offspring. In fungi that can sexually reproduce under laboratory conditions sexually compatible strains can be crossed and progeny can be easily obtained (Chuma et al., 2003; Ma et al., 2010). Many fungal strains do not undergo sexual reproduction under laboratory conditions, which requires the use of diffferent techniques. Treating fungal cells with the fungicide benomyl disrupts the formation of astral microtubuli during mitosis. This ensures an unequal distribution of chromosomes to daughter cells (Rodriguez-Carres et al., 2008). Cells that lack essential chromosomes will not survive, so any chromosome that is absent in healthy benomyl treated cells can be termed dispensible for normal growth. 
The presence of a chromosome can be linked to pathogenicity  if the loss of this chromosome leads to a loss in virulence, but also if the transfer of this chromosome to a non-pathogenic strain of the same species turns this isolate pathogenic. Identification of virulence genes and effector genes on this chromosome is also necessary to make this link. Linkage of this chromosome and the genes it carries  to pathogenicity of the fungus is necessary to distinguish this chromosome from a supernumerary chromosome.

Detecting CD chromosomes by analysis of genome content
With the increase of sequenced fungal genomes and the decreased cost of genomes sequencing, it becomes easier to analyse the genetic contents of CD chromosomes and compare them to the rest of the genome. Gene prediction tools can detect the presence of hypothetical genes on potential CD chromosomes, which can be studied using a reverse genetics approach. Automated gene ontology tools are also a quick way to determine what type of proteins are encoded by the genes on CD chromosomes or in which processes they play a role in and whether this differs from the A-chromosomes (Coleman et al., 2009; Ma et al., 2010). This approach was performed for Fusarium verticillioides, Fusarium graminearum and F. oxysporum f. sp. lycopersici and showed that the CD chromosome of F. oxysporum f. sp. lycopersici was enriched for secreted proteins, virulence effectors, transcription factors and signal transduction proteins (Ma et al., 2010). A-chromosomes were enriched for housekeeping genes (Ma et al., 2010).

CD chromosomes appear only to be essential during very specific situations. The CD chromosomes that have been currently identified all belong to plant pathogens (with the exception of the entomopathogen M. anisopliae). The only niches where these CD chromosomes are essential are their hosts. Furthermore, the host range a pathogen can infect using the genes encoded by a CD chromosome is usually very narrow (Ito et al., 2004). Homologues of the PEP gene cluster on N. haematocca MPVI chromosome 14 were searched for in genomes of several related Fusarium species and lead to the discovery of a similar chromosome in F. oxysporum f. sp. pisi (Temporini and VanEtten, 2004). In N. haematococca, chromosomes 15 and 17 are also small and rich in repeat elements. Analysis of these chromosomes determined that they did not contain functional, protein coding genes and therefore would not need to be studied further in the context of pathogenicity (Coleman et al., 2009). F. oxysporum f. sp. lycopersici chromosome 15 (2.05 Mb) also did not contain potential effector genes and must also be called supernumerary rather than conditionally dispensable (Ma et al., 2010). Studying the genetic content of small, dispensable chromosomes may allow previously undiscovered CD chromsomes to come to light or allow small chromosomes like F. oxysporum f. sp. lycopersici chromosomes 15 to be discounted as a CD chromosome, relatively quickly.


Chapter 3: The genetic content of CD chromosomes
In Chapter 2 it was described how CD chromosomes differ significantly from the A-chromosomes and other, classes of small chromosomes. Unlike A-chromosomes, CD chromosomes do not encode essential genes and encode a contain percentage of repetitive DNA. On the other hand, CD chromosomes do encode functional genes, a characteristic that sets them apart from supernumerary chromosomes. In this section the repeat elements and genes that have been identified thus far on CD chromosomes will be discussed.

3.1 Transposons and repeat elements
In Chapter 2, it was stated that CD chromosomes contain functional genes that incur a selective advantage for an organism to thrive in a new niche. While genes are present on CD chromosomes, it should be stressed that the gene density of CD chromosomes is lower than on A-chromosomes. Gene density is measured by calculating the average number of genes per kb of DNA (Brown, 2007b). In N. haematococca MPVI, average gene density for the whole genome is 0.307 genes/kb while chromosome 14 has a gene density of 0.223 genes/kb. In L. maculans, the average gene density of the whole genome is 0.27 genes/kb, but it is aprroximately 5 times lower on its CD chromosome (0.049 genes/kb) (Balesdent et al., 2013). If the gene density on CD chromosomes is so low, it follows that the bulk of CD chromosomes consists of other sequences, i.e. repetitive DNA such as transposons and repeat elements.

Repetitive DNA can be classified into tandem repeats and transposable elements. Tandem elements are short repeated sequences that do not encode genes. A tandem element can be 20 kb in length, as is the case in minisatellites, or as small as 150 bp for microsatellites (Brown, 2007b). Transposable elements are mobile DNA elements that can move to a different genomic position or amplify themselves within a genome. They consist of a repeated DNA sequence and a number of genes encoding proteins that are necessary to copy or excise DNA or RNA (Brown, 2007c). Class I transposons are also termed retrotransposons as they are transcribed from DNA to RNA and then, back into DNA by use of a reverse transcriptase. Class I transposons  include LTR retrotransposons, LINEs (long interspersed nuclear elements) and SINEs (short interspersed nuclear elements). Class II transposons are DNA transposons, which encode transposase proteins to excise the transposon from the genome. DNA transposons adopt cut-and-paste or replicative transposition (Brown, 2007c). Eukaryotic transposons do not carry any genes that incur a selective advantage to their host (Kempken and Kück, 1998).
As repetitive DNA does not encode functional genes, they are not subject to selective pressures to  preserve the DNA sequence of these elements.  As a result these stretches of DNA accumulate more mutations and are highly variable between individuals. Recombination between repetitive DNA is also not uncommon, again allowing these areas to be very dynamic (Kempken and Kück, 1998; Zolan, 1995). 

Sequencing of the N. haematococca MPVI genome provided more insight into the differences in the repeat contents of A-chromosomes and dispensable (supernumerary or CD) chromosomes. Chromosomes 14, 15 and 17 are all under 2.5 Mb in size and account for 32% of all mapped repetitive DNA, while consisting of just 4% of the mapped genome. Chromosome 14 consists for 21.8% of repetitive sequences, half of which are DNA transposons (Coleman et al., 2009). The same is seen in F. oxysporum f. sp. lycopersici, where the supernumerary chromosomes 3, 6, 14 and 15 contain more than 74% of all identified transposable elements encoded by the genome, most of which are DNA transposons: 95% of all identified DNA transposons are encoded by these regions. Other repeat elements, such as LINE, SINE and LTR transposons are also overrepresented on these chromosomes (Ma et al., 2010). 
No comprehensive genome analysis of A. alternata strains has been performed, but it has been described previously that the CD chromosomes of both the tangerine and strawberry pathotype of A. alternata are enriched for transposable elements (Hatta et al., 2002; Hatta et al., 2006).

Transposable elements on CD chromosomes
Several transposable elements have been observed in the CD chromosomes of N. haematococca MPVI and Alternaria alternata, all of which have been inactivated and can be termed transposon fossils. The identified transposable displayed in Table 3.1. The 1.05 CD chromosome of A. alternata (strawberry pathotype) contains four different types of transposons. TLS-S1-1 and TLS-S1-2 are members of the hAT superfamily (Hatta et al., 2006). The hAT transposons belong to class II and are characterised by a transposase gene flanked by two terminal inverted repeats (TIR) (Kempken and Kück, 1998). TLS-S1-1 and TLS-S1-2 lack the 5’ and TIR regions, respectively (Hatta et al., 2006). TLS-S2 is also a class I transposon, and contains several extra stopcodons and a frameshift mutation. Both TLS-S3 and TLS-S5 are class II transposons from the Tc1-mariner transposon superfamily, which are similar to hAT transposons, except they are also flanked by a target site duplication region (TSD) (Hatta et al., 2006; Kempken and Kück, 1998). TLS-S3 and TLS-S5 are inactivated due to the absence of the 5’ or 3’region, respectively, and TLS-S5 also contains extra stop codons (Hatta et al., 2006).  TLS-S2 is located in close proximity to the effector gene cluster in A. alternata strawberry pathotype. TLS-S2 is also found in the Japanese pear and tangerine pathotypes of A. alternata, which may suggest a common origin of the CD chromosomes of these three pathotypes (Hatta et al., 2006). 
Two types of transposable elements have been detected on chromosome 14 of N. haematococca MPVI: Nht1 and Nht2, both of which are inactivated. Nht1 is a class II transposable element of which at least 6 copies are present on this CD chromosome (Enkerli et al., 2000). Nht2 is a class II transposon of the copia LTR retrotransposon superfamily. Five copies are present on chromosome 14 (Shiflett et al., 2002). It should be noted that neither Nht1 or Nht2 are present on any of the other chromosomes (Enkerli et al., 2000; Shiflett et al., 2002).
The FOT5 and ORF2 genes on chromosome 14 of F. oxysporum f. sp. lycopersici are also predicted to encode transposons, but it is not clear what class they belong to or if they are functional elements (Van Der Does et al., 2008).

Silencing of transposable elements on CD chromosomes
To prevent excessive activity of transposable elements or recombination between transposons, stretches of repetitive DNA are often found in areas of constitutive heterochromatin (Zolan, 1995). The process of MIP (methylation induced pre-meiotically)  involves the methylation of cysteines repeated DNA sequences, affecting chromatin structure (Selker, 2002). CD chromosomes are known to consist of euchromatin, despite having high repeat contents (Taga et al., 1999). RIP (repeat induced point-mutation) is a process that has only been seen in ascomycetes. RIP generates a high frequency of A to G or T to C point mutations in duplicated sequences, which will inactivate the gene by incorporating extra stop codons (Selker, 2002). RNAi silencing may also play a role in reducing activity of transposons (Ma et al., 2010; Selker, 2002).
While the Nht1, Nht2, TLS-S1, TLS-S2, TLS-S3 and TLS-S5 transposons of N. haematococca MPVI and A. alternata are all inactive, it is not clear if they were inactivated by RIP.

Analysis of the N. haematococca MPVI genome revealed that very few repeats had high sequence identity with each other, which is a typical upshot of RIP (Coleman et al., 2009; Selker, 2002). The incidence of RIP was experimentally confirmed in N. haematocca  by introducing duplicated hph gene and analysing progeny (Coleman et al., 2009). In the case of Nht2 sequences A to G and T to C mutations were overrepresented and Nht2 had incorporated extra stop codons, suggesting RIP had occured. Nht1 was enriched for A-G and T-C mutations but did not contain extra stop codons, suggesting it was not silenced this way (Shiflett et al., 2002). The sequences of A. alternata TLS-S2 and TLS-S5 contained extra stop codons, but it was not determined whether the A-G and T-C mutations were overrepresented in their sequences (Hatta et al., 2006). In F. oxysporum f. sp. lycopersici, no evidence of RIP was found, despite the high repeat element content of its lineage specific chromosomes (Ma et al., 2010). It is thought that in F. oxysporum methods such as MIP and RNAi suppress transposon activity as DNA methylation proteins and homologues of RNAi machinery (dicer, argonaute and RNA-dependent RNA polymerases) were found in the F. oxysporum f. sp. lycopersici genome (Ma et al., 2010).

It is unclear whether the high incidence of repeat elements on CD chromosomes is a natural consequence of non-essential chromosomes or if they have another function. It was suggested by Hatta et al. (2006) that accumulation of transposable element fossils and repeats may be a characteristic of the AFT gene cluster region as they suggest this region has undergone severe recombination events. Such recombination would be facilitated by dispersed repeated sequences (Zolan, 1995) and will be discussed in more detail in Chapter 5.

3.2 Metabolic genes for alternative carbon sources on CD chromosomes
Genes involved in metabolic pathways, i.e. in the catabolism of sugars and lipids may not directly seem to be involved in virulence, but are nevertheless necessary for effective colonisation of different niches. The degradation of plant compounds is necessary to release nutrients necessary for fungal growth or to access nutrients otherwise tied up in plant cells(van Kan, 2006).  The lineage specific chromosomes of F. oxysporum f. sp. lycopersici are enriched for genes that are predicted to be in involved in lipid metabolism and metabolism of lipid second messengers. Secreted enzymes involved in cell wall degradation are also predicted to be encoded on these chromosomes (Ma et al., 2010).

Genes that allow metabolism of unusual carbon sources are present on CD chromosomes (Table 3.1) (Rodriguez-Carres et al., 2008; Van Der Does et al., 2008). 
The OXIDOREDUCTASE1 (ORX1) gene is located on chromosome 14 of F. oxysporum f. sp. lycopersici (Ma et al., 2010). Oxidoreductases transfer electrons from an electron donor molecule to a electron acceptor. ORX1 is required for virulence on tomato, but it is not known what the substrate or the function of this gene is (Houterman et al., 2007). The SALICYLATE HYDROXYLASE HOMOLOGUE1 (SHH1) gene is situated on the same chromosome and encodes a salicylate hydroxylase protein (Van Der Does et al., 2008). These enzymes convert salicylate into catechol and enables the use of salicylate as a carbon source, a process seen in several species of bacteria, such as Pseudomonas species (Bosch et al., 1999). Salicylic acid (SA) is an important plant defense hormone (Box 3.1) of which salicylate is a salt derivate. It is possible that SHH1 not only allows F. oxysporum to grow on a larger range of carbon sources, it may also disrupt SA signalling by metabolism of salicylate.   





3.3 Toxins and toxin biosynthesis genes on CD chromosomes
Several genes on CD chromosomes have been identified as genes involved in the production of toxins. The CD chromosome of the entomopathogen M. anisopliae produces the pr1A and pr1B genes that cause toxicity on the beetle T. molitor, but as this fungus is not a plant pathogen, these genes will not be discussed further.

The AFT, AKT, ACTT, AMT and ALT genes of Alternaria alternata
The A. alternata CD chromosomes contain genes that are involved in the biosynthesis of toxins (Table 3.1). Pathogenic A. alternata strains can be divided into nine pathotypes, all of which produce different toxins (Thomma, 2003). Of these pathotypes, six have been shown to have CD chromosomes (Akagi et al., 2009; Hatta et al., 2002; Masunaka et al., 2000; Tanaka and Tsuge, 2000). 
















N. haematococca MPVI	NhVI-C14	Nht1	class II transposable element	inactive	4
	NhVI-C14	Nht2	copia LTR retrotransposon	inactive	5
Metabolic genes	 	 	 	 	 
F. oxysporum 	Fol-C14	ORX1	glucose–methanol–cholin (GMC) oxidoreductase	unknown function	6
	Fol-C14	SHH1	 salicylate hydroxylase 	unknown function	3
N. haematococca MPVI	NhVI-C14	HUT genes	unknown	homoserine utilisation	7
					
Toxin biosynthesis genes	 	 	 	 
A. alternata 	Aact-C1.05-2	ACTT1	AMP-binding proteins	ACT toxin biosynthesis	8
	Aact-C1.05-2	ACTT2	crotonase family	ACT toxin biosynthesis	8
	Aaf-C1.05	AFT1-1	unknown	AF toxin  biosynthesis	1
	Aaf-C1.05	AFT3-1	hydratase/isomerase family	AF toxin  biosynthesis	1
 	Aaf-C1.05	AFTR-1	crotonase family	AF toxin  biosynthesis	1
	Aaf-C1.05	AFTS1	aldo-ketoreductase superfamily	AF toxin I biosynthesis	9
	Aak-C4.1	AKT1	AMP-binding proteins	AK toxin biosynthesis	10
	Aak-C4.1	AKT2	AMP-binding proteins	AK toxin biosynthesis	10
	Aak-C4.1	AKT3-1	hydratase/isomerase family	AK toxin biosynthesis	11
	Aak-C4.1	AKT3-2	hydratase/isomerase family	AK toxin biosynthesis	11
	Aak-C4.1	AKTR-1	crotonase family	AK toxin biosynthesis	11
	Aak-C4.1	AKTR-2	crotonase family	AK toxin biosynthesis	11
 	Aak-C4.1	AKTS-1	aldo-ketoreductase superfamily	AK toxin biosynthesis	9
	Aal-C1.0	ALT1	polyketide synthase (PKS)	AL toxin biosynthesis	12
 	Aal-C1.0	MSAS	MSAS type polyketide synthase	unknown function	12
	Aam-C1.1-1.7	AMT	cyclic peptide synthetase	AM toxin biosynthesis	13
	Aam-C1.1-1.7	AMT2	aldo-ketoreductase superfamily	AM toxin biosynthesis	1*
	Aam-C1.1-1.7	AMT3	cytochrome p450 monooxygenase	AM toxin biosynthesis	14
 	Aam-C1.1-1.7	AMT2	polyketide synthase (PKS)	AM toxin biosynthesis	14
F. oxysporum	Fol-C14	SIX1	secreted cysteine rich protein	virulence on tomato	15
	Fol-C14	SIX2	secreted cysteine rich protein	virulence on tomato	3
	Fol-C14	SIX3	secreted cysteine rich protein	virulence on tomato	6
	Fol-C14	SIX5	secreted cysteine rich protein	secreted in tomato	16
	Fol-C14	SIX6	secreted cysteine rich protein	secreted in tomato	16
	Fol-C14	SIX7	secreted cysteine rich protein	secreted in tomato	16
					
Other virulence (related) genes	 	 	 	 
F. oxysporum	Fop-C1.6	cDNA3	unknown	virulence on pea	17
	Fop-C1.6	cDNA4	unknown	virulence on pea	17
	Fop-C1.6	PEP1	unknown/transposase IS4 family	virulence on pea	17
	Fop-C1.6	PEP2	unknown/SnoaL_4 superfamily	virulence on pea	17
	Fop-C1.6	PEP5	unknown/MFS superfamily	virulence on pea	17
	Fop-C1.6	PDA1	cytochrome P-50 monooxygenase 	pisatin detoxification	17





	NhVI-C14	PEP5	MFS membrane transporter	virulence on pea	18
	NhVI-C14	PDA1	cytochrome P-50 monooxygenase 	pisatin detoxification	20
	NhVI-C14	PDA6-1	cytochrome P-50 monooxygenase 	pisatin detoxification	21
Genes of unknown function	 	 	 	 
F. oxysporum	Foph-1.8	fts1	unknown	virulence on common bean	22
L. maculans	Lm-CSC22	AvrLm11	unknown		23
.
References: Hatta  et al., 2002 (1);  Hatta  et al., 2006 (2);  Van Der Does, H Charlotte  et al., 2008 (3);  Enkerli  et al., 2000 (4);  Shiflett  et al., 2002 (5); Houterman  et al., 2007 (6); Rodriguez-Carres  et al., 2008 (7);  Masunaka  et al., 2000 (8);  Ito  et al., 2004 (9); Tanaka  et al., 1999 (10);  Tanaka and Tsuge, 2000 (11); Akagi  et al., 2009 (12);  Johnson  et al., 2000 (13);  Harimoto et al. 2007 (14), Rep  et al., 2004 (15);  Ma et al. 2010 (16); Temporini and VanEtten, 2004 (17); Han  et al., 2001 (18); Enkerli  et al., 1998 (19);  Miao  et al., 1991 (20);  Reimmann and VanEtten, 1994 (21); Ramos et al. 2007 (22) Balesdent  et al., 2013 (23) 

The apple pathotype of A. alternata produces AM toxins (Figure 3.1F), which are cyclic peptides. The AMT and AMT2, AMT3 and AMT4 genes are present on apple pathotype CD chromosomes, which range between 1.1 and 1.7 Mb in size (Harimoto et al., 2007; Johnson et al., 2001). AMT encodes a cyclic peptide synthetase which is necessary for AM toxin production (Johnson et al., 2000). AMT3 and AMT4 encode a polyketide synthase and cytochrome p450 protein, respectively, and are both essential for AM toxin biosynthesis (Harimoto et al., 2007). Although AM toxins differ structurally from the AF, AK and ACT toxins, biosynthesis of these toxins share a common pathway (Figure 3.1G). AK and AM toxins and AF toxin I  are produced from valine in several chemical reactions (Figure 3.1G). The conversion of 2-keto-isovaleric acid (2-KIV) to 9,10-epoxy-8-hydroxy-9-methyldecatrienoic acid (2-HIV) in A. alternata pathotype strawberry is catalysed by AFTS1  (Ito et al., 2004). AFTS1, encoding an aldo-ketoreductase protein, showed homology with the AMT2 gene of the tomato pathotypes. The amino acid sequences of these proteins shared a 78.7% identity (Ito et al., 2004). A similar protein is also found in the Japanese pear pathotype, AKTS-1. AMT2 can rescue a AF toxin I deficient ∆afts1 mutant (Tanaka and Tsuge, 2000). Subsequent steps convert 2-HIV to AM toxin or AF toxin I, but the enzymes that catalyse these steps have not been identified yet.

The AFT1-1, AFT3-1 and AFTR-1 genes form the AFT gene cluster in strawberry pathotypes. AFTR-1 encodes a crotonase family protein and shows homology with the AKTR-1 and AKTR-2 genes of the Japanese pear pathotype and the ACTT2  gene of the tangerine pathotype (Hatta et al., 2002; Masunaka et al., 2000; Tanaka and Tsuge, 2000). 
As ∆aktr-2 mutants do not produce 2-HIV, it is thought that AKTR-2, AKTR-1, AFTR-1 and ACTT2 are involved in the early stages of toxin biosynthesis (Ito et al., 2004, Tanaka and Tsuge, 2001). The AFT3-1, AKT3-1, AKT3-2 and ACTT1 genes encode a protein from the hydratase/isomerase family that is thought to be involved with toxin biosynthesis, however their precise function has not yet been elucidated (Hatta et al., 2002; Masunaka et al., 2000; Tanaka and Tsuge, 2000). The strawberry pathotype AFT1-1 gene is the only gene that does not show homology with the Japanese pear or tangerine pathotype genes. The function of this gene is unknown (Hatta et al., 2002).
The Japanese pear and tangerine pathotype CD chromosomes both contain genes encoding AMP-binding family proteins, AKT1, AKT2 and ACTT1, respectively. These genes have been linked to AK and ACT toxin production, but their roles are unknown (Masunaka et al., 2000; Tanaka et al., 1999). It is surprising that AFTR orthologues have not been identified in the apple pathotype of A. alternata.
The rough lemon pathotype of A. alternata produces ACR toxins, which most likely produced by ACRT proteins found on an 1.5 Mb CD chromosome. These genes show homology with the ACTT genes of the tangerine pathotype, but have not been extensively studied (Masunaka et al., 2005).

The AAL toxins of the tomato pathotype of A. alternata are sphinagnine-analogue toxins, which are different from AK, AF and ACT toxins. Sphinganine-analogue toxins interfere with ceramide biosynthesis in host cells, which cause them to undergo apoptosis. Two genes have been identified on the 1.0 Mb CD chromosome of the tomato pathotype strains, ALT1 and MSAS (Akagi et al., 2009). ALT1 encodes a polyketide synthase and is thought to be involved in AL toxin biosynthesis.  MSAS encodes a 6-methylsalicylic acid synthetase type polyketide synthase, but the function of this gene is unknown (Akagi et al., 2009).

SIX genes of Fusarium oxysporum
Analysis of xylem sap from tomato plants infected by F. oxysporum f. sp. lycopersici identified several proteins secreted by F. oxysporum (Houterman et al., 2007; Rep et al., 2004). Of these proteins, the genes encoding SECRETED IN XYLEM1 (SIX1), SIX2 and SIX3 are found on chromosome 14 and may encode toxins (Ma et al., 2010). SIX1 and SIX3 are also known as AVR3 and AVR2, and encode small, cysteine rich secreted proteins that are required for virulence on tomato (Houterman et al., 2007; Houterman et al., 2009; Van Der Does et al., 2008). As Six3 can be recognized by the I-3 resistance gene of tomato, which is found intracellularly, it is thought that it can enter host cells (Houterman et al., 2009). While the function of these genes is unknown, they are classified with toxin genes as Houterman et al. (2009) suggest that as the small secreted protein ToxA of Pyrenophora tritici-repentis (a fungal pathogen of wheat, which does not carry CD chromosomes) is also taken up into plant cells, SIX3 may also encode a toxin. As SIX1, SIX2 and SIX3 are very similar in structure, it is possible that SIX1 and SIX2 also encode toxins. Comparison of proteins found in xylem sap of infected tomato plants with genetic sequences of F. oxysporum f. sp. lycopersici lead to the identification of three more SIX genes: SIX5, SIX6 and SIX7. They are also small, cysteine rich secreted proteins, but their role in virulence on tomato is undefined as of yet (Ma et al., 2010). 


3.4 Other virulence genes encoded on CD chromosomes
Toxin biosynthesis genes are not the only effector genes present on CD chromosomes. A few genes on CD chromosomes are also not characterised, such as the PEP1, PEP2, cDNA3 and cDNA4 genes of N. haematococca (Han et al., 2001). It is also not known what kind of protein is encoded by the AvrLm11 gene of L. maculans or if it has or had contributed to virulence on B. napa (Balesdent et al., 2013). Enzymes for degrading plant cells or detoxifying plant defense compounds are also encoded on these chromosomes (Coleman et al., 2009; Ma et al., 2010).

The ftf1 gene of F. oxysporum f. sp. phaseoli is expressed in planta during infection of common bean and is necessary for virulence. The gene is present in up to four copies and only highly virulent strains contained ftf1 and the 1.8 Mb CD chromosome (Ramos et al., 2007). The gene encodes a transcription factor containing a Zn(II)2-Cys6 domain and belongs to a fungal specific family of transcription factors, all with unknown functions (Ramos et al., 2007). Southern hybridisation experiments revealed that part of the promoter and coding regions of the ftf1 gene is also found in F. oxysporum f. sp. betae, cubense, lycopersici and pisi, but role in virulence has not been characterised in these strains either (Ramos et al., 2007). The Zn(II)2-Cys6 domain appears to be present in all formae speciales of F. oxysporum but sequence comparisons have not been performed (Ramos et al., 2007). This conservation may indicate a common origin of the F. oxysporum CD chromosomes, but further research is necessary to determine whether these Zn(II)2-Cys6 genes are all situated on CD chromosomes.

Detoxification of phytoalexins 
Phytoalexins are a class of plant compounds that are produced when plant cells are exposed to pathogens. Phytoalexins are diverse and plant specific, but all function to kill or inhibit growth of the pathogen (Pieterse et al., 2009). The PEA PATHOGENICITY (PEP) cluster of N. haematococca MPVI is found on chromosome 14 (Enkerli et al., 2000). It is essential for virulence on pea (Figure 3.2A). Of the five genes found in this cluster, only PEP2, PEP5 and PISATIN DEMETHYLASE1 (PDA1) are necessary for virulence (Han et al., 2001). It not known what the cDNA3, cDNA4, PEP1 and PEP2 genes encode nor what their function is. A sixth gene, PDA6-1, is a duplication of  PDA1 and located outside the PEP cluster (Reimmann and VanEtten, 1994). PDA1, PDA6-1 and PEP5 are involved in the detoxification of pisatin, a phytoalexin produced by pea. PDA1 and PDA6-1 encode a cytochrome P450 family protein, a family which is present in several other fungal species, but is highly represented in N. haematococca (Coleman et al., 2009; Han et al., 2001; Miao et al., 1991). PDA1 is predicted to be a transmembrane protein with monooxygenase activity. Monooxygenase activity is required to convert pisatin to the inactive 3,6-dihydroxy-8,9,methylenedioxy-pterocarpan (DMDP, Figure 3.2B) (George et al., 1998). PEP5 is predicted to encode an MFS membrane transporter protein, but its role in pisatin detoxification has not yet been elucidated (Han et al., 2001). The PEP gene cluster has also been found in its entirety on the 1.6 Mb CD chromosome of F. oxysporum f. sp. pisi, another pathogen of pea (Temporini and VanEtten, 2004).

Chromosome 14 of N. haematococca MPVI also contains a gene involved in the detoxification of the chickpea phytoalexin maackiain, MAACKIAIN DETOXIFICATION1 (MAK1). MAK1 encodes a FAD dependent monooxygenase,  which detoxifies maackiain to 1a-hydroxy-maackiain, shown in Figure 3.2C (Covert et al., 1996). Surprisingly, the product of PDA6-1 was also shown to have some activity on methyl-maackiain (Miao and VanEtten, 1992). N. haematococca MPVI is virulent on chickpea and pea. The functional similarity between maackiaian and pisatin may explain why both the PEP cluster and MAK1 are present on the same chromosome, but it is not known whether MAK1 is able to detoxify pisatin or if PEP cluster genes are expressed during the infection of chickpea.







Chapter 4: CD chromosomes and the infection of new hosts

As described in Chapter 3, CD chromosomes carry many genes pertaining to virulence. The relationship between plant pathogens and their hosts is a complex and intricate one, where host and pathogen are under strong evolutionary pressure to adapt resistance or suppress host immune systems, respectively. To understand how CD chromosomes and the genes encoded on these chromosomes have been essential for virulence on certain hosts, it is therefore necessary to understand the workings of the plant immune system, the expression pattern of genes encoded by CD chromosomes and the various strategies adopted by (necrotrophic) pathogens to attack susceptible hosts. These facets will be discussed in this chapter.

4.1 Plant immune responses to infections by filamentous plant pathogens
Plant tissues are packed with sugars, amino acids and other nutrients essential for growth, making them an ideal niche for plant pathogens to colonise. To prevent such infections, plants possess several types of defence mechanisms.
Plant pathogens secrete effector molecules to disable or evade the plant immune system. Plants that successfully avoid infection by pathogens are immune. Plant immunity to a pathogen can take the form of host immunity or non-host immunity. Plants that are non-hosts for a pathogen are never infected by a certain pathogen. Host immunity means that a particular species of a plant can be infected by a specific pathogen, but some varieties of the plant are resistant to infection (Schulze-Lefert and Panstruga, 2011). From the perspective of a pathogen, a pathogen that cannot infect a host plant is said to induce an incompatible interaction, while a pathogen that is able to infect such a plant invokes a compatible interaction (Wolpert et al., 2002). Plant pathogens need to break through the plant’s barriers of defence to cause successful infection. Virulence genes and effectors are encoded by the pathogen’s genome and facilitate this process. The genes on CD chromosomes described in Chapter 3 are examples of these and it will be described how these genes contribute to virulence in Section 4.3. To understand how these genes enable infection, it is necessary to take a closer look the separate tiers of a plant immune systems first. 

Plant responses to pathogen invasion
The most basal barrier is a physical barrier. First and foremostly, this physical barrier blocks entry to underlying tissues (van Kan, 2006). Epidermal cells perform this function as they are tightly linked together and contain fortified cell walls. Cell walls of epidermal cells in above ground organs contain cutin, forming the cuticle, which also functions as a barrier to pathogens (Jones and Dangl, 2006). Secondly, preformed broad-spectrum antimicrobial compounds such as glyocosides deter microbes from colonising underlying tissues (Jones and Dangl, 2006). While the physical barrier is sufficient in deterring saprobes and most parasites, more specialised pathogens can overcome this barrier, for example by using cell wall degrading enzymes and cutinases or by using appressoria (Faulkner and Robatzek, 2012; van Kan, 2006). None of the organisms described to have CD chromosomes use appressoria, but chromosome 14 of F. oxysporum f. sp. lycopersici is predicted to encode several cell wall degrading enzymes (Ma et al., 2010).   

If the physical barrier is overcome, the plant immune system comes into play. The primary immune response of plants is PAMP triggered immunity (PTI) (Faulkner and Robatzek, 2012). Pathogen associated molecular patterns (PAMPs) are highly conserved molecules found on pathogen cells, such as chitin or flagellin. They are recognised by the transmembrane PRR (PAMP recognition receptor) proteins of plants (Figure 4.1). These receptors are often leucine-rich repeat (LRR) proteins and bind highly conserved epitopes (Tsuda and Katagiri, 2010). Most PRR receptors, upon binding, associate with LRR receptor kinase BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) to activate downstream signalling, via MAPK pathways (Jones and Dangl, 2006). PTI activates the production of reactive oxygen species (ROS), callose deposition and the hypersensitive 
response (HR) (Faulkner and Robatzek, 2012). The hypersensitive response causes localised cell death and is particularly effective against biotrophic pathogens, which need to infect living cells (Box 4.1). Necrotrophic pathogens, however, are known to highjack HR induction in hosts, forcing cell death in many cells by using effectors that activate PRRs. The fungus Staganospora nodorum secretes a toxin, SnTox1, which activates the wheat PRR protein Snn1, which in turn activates HR allow the pathogen access to the contents of the plant cells (Liu et al., 2012). S. nodorum does not carry CD chromosomes, but its toxins will be discussed in Section 4.3.
PRRs bind epitopes from a broad spectrum of pathogens and PTI a relatively short-lived response (Tsuda and Katagiri, 2010). As PTI targets a broad range of pathogens it is a principal component of non-host resistance .

To avoid detection by the immune system, plant pathogens interfere with PRRs and downstream signalling using effectors, a process termed ETS (effector triggered susceptibility, Figure 4.1). An example of ETS is producing effector molecules that block PRR binding to chitin (Faulkner and Robatzek, 2012). Effector molecules are often species or strain specific and can be recognised plant R-genes in a gene-by-gene manner called effector triggered immunity (ETI). Likewise, R-genes are also strain specific.
 A good example of ETI is seen in F. oxysporum f. sp. lycopersici. The R-gene I-3 of S. lycopersicum 90E341F causes host resistance to F. oxysporum f. sp. lycopersici through recognition of Six3 (Avr2), but plant lines that lack I-3 are not (Houterman et al., 2009). For this reason ETI is mostly involved in host resistance of plants (Schulze-Lefert and Panstruga, 2011). Plant effectors can be recognised by the products of R-genes, the NB-LRR proteins (Jones and Houben, 2003). In contrast to PRR proteins, NB-LRR proteins are found intracellularly (Faulkner and Robatzek, 2012). If an effector (Avr) is recognised by an NB-LRR protein and the subsequent immune response quenches pathogen growth, the pathogen is said to be avirulent on this host strain. ETI and PTI responses trigger similar subsets of genes, but ETI elicits a more robust and long-lived response than PTI (Tsuda and Katagiri, 2010). Pathogens evade this form of immunity only by preventing detection by R-genes. This is done by deleting or epigenetically silencing the Avr gene, or by mutating it to disrupt the binding epitope, or by using different effector molecules. If these proteins can be recognised by another NB-LRR receptor, the plant will once again attain host immunity. Herein lies the perpetual arms race between plants and plant pathogens—they constantly need to outcompete each other’s arsenals to avoid destruction (Figure 4.1). 

Figure 4.1: The zigzag model proposed by Jones and Dangl (2006) illustrating how host and pathogen interactions lead to changes in the output of the host plant’s immune system. See text for description.
 Adapted from Jones and Dangl (2006).


4.2 Expression patterns of genes on CD chromosomes
Necrotrophic fungal plant pathogens infect plants with a strategy to kill plant cells. Toxins play a large role in this process, as can be seen in the extensive toxin repertoire of A. alternata. It has been thought that A. alternata toxins are essential during early stages of infection (Ito et al., 2004). Unsurprisingly, it was observed that genes involved in the biosynthesis of AK toxins of Japanese pear pathotype A. alternata are expressed during the earliest stages of pathogenesis-- germination of conidia (Harimoto et al., 2007). The activity of the promoters of AKT3-1 and AKT3-2 was analysed using GUS promoter expression assays. These experiments showed that AKT3-1 and AKT3-2 promoters were active in non-germinated conidia as well as conidia that had been allowed to grow on cellulose membranes for up to 24 hours, at which point appressoria are formed. Surprisingly, no GUS activity was seen in dormant conidia, although it is not certain whether this means AKT3-1 and AKT3-2 promoters are not active in dormant conidia or whether mRNA is not translated in dormant conidia (Tanaka and Tsuge, 2001).  
Modified Czapek-Dox (MCD) medium is a partially synthetic growth medium that induces the production of AM toxin by apple pathotype A. alternata. On the 1.4 Mb CD chromosome of A. alternata IFO8984 21 genes were upregulated over 10-fold on MCD medium, compared to expression on potato dextrose broth (PDB). These genes include the AMT1, AMT2, AMT3 and AMT4 genes, which were upregulated 57.1, 1248.8, 16561 and 29.95 fold, respectively (Harimoto et al., 2007). Unfortunately, these experiments were not repeated in planta or in germinating conidia, so it is not known whether AM toxin is, like AK toxin, needed for early stages of infection (Harimoto et al., 2007; Ito et al., 2004; Johnson et al., 2000). 
The expression patterns of ACR, ACT, AF and AAL toxins have currently not been determined. Expression of any of the toxin biosynthesis genes during later stages of infection have also not been determined. It would be interesting to see whether all A. alternata toxin biosynthesis genes follow a similar expression pattern or whether this is a host-specific process, and whether these toxins remain important as the infection progresses. As AAL toxins are directly involved in inducing apoptosis of plant cells (Akagi et al., 2009), this seems likely.

The PEP cluster of N. haematococca MPVI and F. oxysporum f. sp. pisi are involved in the detoxification of the pea phytoalexin pisatin.. Phytoalexins are antimicrobial compounds that attack a broad spectrum of pathogens. Unlike the antimicrobial compounds that are always present as a deterrent to pathogens, phytoalexins are always produced as a direct response to pathogenic infection (Ahuja et al., 2012).  They are produced by plants as a response to infection by necrotrophic pathogens via JA/ET signalling (Ahuja et al., 2012; Pieterse et al., 2009). The importance of phytoalexins in deterring necrotrophic pathogens is evidenced in N. haematococca MPVI—if it loses the PEP cluster and thus the ability to detoxify pisatin, N. haematococca MPVI is no longer virulent (Han et al., 2001). It therefore follows logically that the expression of PEP cluster genes needs to be induced rapidly in response to encounter of a susceptible host.
The PEP1, PEP2, PEP5  and PDA1 genes of N. haematococca MPVI were not induced as rapidly as the AKT3 genes of A. alternata, but have been shown to be strongly expressed during colonisation of pea roots and when treated with pisatin, the target of PDA1. Induction of these genes occurs 12 hours after inoculation of pea roots, or 6 hours after pisatin treatment  (Liu et al., 2003). As this is remarkably slower than the AKT3 genes, it could be suggested that pisatin demethylation is a process that occurs during later stages of infection, most probably as a response to the plant’s immune system. PEP2 and PDA1 were expressed higher than the other genes in this cluster. When the fungus was grown in absence of carbon or nitrogen sources (starvation conditions) all these genes, except PEP2, were also induced. The cDNA3 and cDNA4 genes were not differentially expressed during any of these treatments (Liu et al., 2003). Induction of PDA1 by starvation is in concurrence with earlier findings that show PDA1 expression is repressed by glucose. Fungal cultures that were grown overnight in medium containing glucose before inoculation on pea were less virulent than strains that were starved overnight (George et al., 1998). These findings suggest that starvation may prime N. haematococca MPVI for infection of pea plants. 

F. oxysporum  can infect stems and roots of a host plant, causing wilt or rot. F. oxysporum f. sp. phaseoli infects the roots and stem of common bean. The ftf1 gene is not expressed during growth on PDB medium or in fungal cells isolated from infected roots. Expression was, however, rapidly and strongly induced in fungal cells isolated from infected stem tissue. Expression was detected within 24 hours post inoculation, which is in the early stages of infection (Ramos et al., 2007). The SIX1 gene of F. oxysporum f. sp. lycopersici is also only expressed in planta, but in both the infection of roots and hypocotyls of tomato. Promoter fusion studies using GFP showed that SIX1 is expressed as soon as the fungus penetrates the roots. Expression in roots is stronger than in hypocotyls (van der Does et al., 2008). As Six1 protein is secreted in xylem sap, this is to be expected (Rep et al., 2004).

Apart from in N. haematococca MPVI and F. oxysporum it is not known if any of these genes are expressed in planta. It would be interesting to see whether the expression of these genes during axenic growth correlates with expression during infection. Furthermore, as the function of many genes on CD chromosomes is poorly understood, expression analysis in planta may be helpful in determining if the genes are repressors of the plant immune system or simply cause plant cell death.


4.3 The role of host specific toxins in the colonisation of new hosts
Host specific toxins (HSTs, also known as host selective toxins) are only produced by necrotrophic pathogens (Friesen et al., 2008). They are produced by necrotrophic bacteria, fungi and oomycetes alike and the toxins themselves can range from small proteins, to peptides or amino-acid derivates (Thomma, 2003; Friesen et al., 2008; Houterman et al., 2009; Wolpert et al., 2002). HSTs are toxic to a very narrow range of hosts; they usually only affect a single plant species. Likewise, HSTs affecting these hosts are produced by a single formae speciales or pathotype (Friesen et al., 2008). Different A. alternata pathotypes all produce different HSTs. While the AM, AK, ACT and ACR toxins are only effective on one host plant, the AF type toxins produced by the strawberry pathotype are different. The strawberry pathotype of A. alternata is pathogenic to both strawberry and Japanese pear and produces type I  and type II AF toxins. Type I toxins are toxic to both strawberry and Japanese pear, but type II toxins are toxic to Japanese pear only (Ito et al., 2004). It is thought that modification of the type I AF toxin by the AFTS1 gene of the strawberry pathotype causes the toxin to affect strawberry plants, but it is not clear how this happens (Ito et al., 2004). HSTs have been extensively studied in the wheat pathogens Stagonospora nodorum, Pyrenophora tritici-repentis and species of the Cochliobolus genus (Ciuffetti et al., 2010; Friesen et al., 2008; Wolpert et al., 2002). While these fungi do not harbour CD chromosomes, they will also be discussed in this section as they offer insight into the importance of HSTs in the colonisation of new hosts. 

Host specific toxins and programmed cell death
The loss of toxin biosynthesis genes often leads to loss of virulence, highlighting how important HSTs are in the infection process (Hatta et al., 2002; Ito et al., 2004; Johnson et al., 2001). Furthermore, it has been seen in A. alternata and P. tritici-repentis that expression of HST biosynthesis genes in non-pathogenic strains is enough to render this strain pathogenic (Ciuffetti et al., 2010; Johnson et al., 2001). The infection strategy of necrotrophic pathogens is to kill host cells thus, unsurprisingly, HSTs often cause programmed cell death in host cells. The AAL toxins of A. alternata accomplish this by disrupting plasma membrane composition by interfering with ceramide biosynthesis, which affects the cell cycle, eventually causing apoptosis. The A. alternata tobacco pathotype also produces HSTs; AT toxins induce programmed cell death in susceptible tobacco plants by activating caspase-like proteases via a currently unknown process (Yakimova et al., 2009). It is not known whether the tobacco pathotype harbours CD chromosomes, but it is clear that AT toxins are a very important virulence factor for infection of tobacco (Yakimova et al., 2009). The AAL toxin of A. alternata induces apoptosis in a different manner. AAL toxin belongs to the sphinganine analogue mycotoxins (SAM), which interfere with ceramide biosynthesis, causing apoptosis (Wolpert et al., 2002). 
 The HST PtrToxA is produced by P. tritici-repentis and causes apoptosis by triggering ROS accumulation in susceptible wheat mesophyll cells. PtrToxA localises to chloroplasts and interferes with photosystems I and II, which causes ROS accumulation when plants are exposed to light (Manning et al., 2009). Another HST produced by P. tritici-repentis, ToxB, also causes apoptosis but it is hypothesized that it functions in the apoplast rather than intracellularly, illustrating the diverse modes of action exhibited by HSTs (Ciuffetti et al., 2010). PtrToxA is structurally very similar to the S. nodorum HST SnToxA and it is thought PtrToxA was acquired from S. nodorum by horizontal gene transfer (Friesen et al., 2006).

It has been suggested that many A.alternata HSTs, including AF-toxins, are produced in germinating conidia (Ito et al., 2004; Tanaka and Tsuge, 2001). It has been hypothesised that early expression of HSTs allows the germinating fungus to immediately disrupt the surrounding plant cells, which allows easy penetration of host tissue and fast infection (Ito et al., 2004). 

Host specific toxins and the plant immune system
In some ways, the HST-host interaction is reminiscent of classical gene-for-gene recognition between Avr and R proteins. Host susceptibility to a HST is conferred by the presence of a single host gene. Conversely to classical gene-for-gene recognition, HST-host recognition leads to host susceptibility rather than resistance. For example, sensitivity of wheat to S. nodorum SnTox1  is caused by the Snn1 gene, while sensitivity to SnToxA and PtrToxA is caused by the Tsn1 gene, both of which are LRR proteins (Appels et al., 2006; Friesen et al., 2007). For this reason, HST-host interactions are termed inverse gene for gene recognition (Wolpert et al., 2002). 

HSTs can also interact with the host immune system in a more direct way. A prime example of this is seen with the Cochliobolus victoriae HST, victorin. C. victoriae infects oats (Avena sativa), specifically the Victoria oat variety. This variety was introduced to the US, because it was resistant to the biotrophic rust fungus Puccinia coronata. Resistance to P. coronata was linked to the Pc2 locus of Victoria oats, but it is thought that victorin interacts with Pc2 to activate several biotrophic responses, such as HR (Wolpert et al., 2002). As HR causes programmed cell death, this allows C. victoriae to thrive.
Hijacking of plant defense signalling is also utilised by the tomato pathotype of A. alternata. The def1 JA biosynthesis mutant of tomato is no longer susceptible to the tomato pathotype of A. alternata, meaning JA is required for A. alternata infection (Egusa et al., 2009). AAL toxin biosynthesis was not affected by JA, suggesting that AAL toxin requires JA signalling (Egusa et al., 2009). Recent studies have shown that AAL toxin activates both ET and JA signalling independently to cause programmed cell death signalling in plant tissue (Zhang et al., 2011). The precise mechanism through which this occurs and how ceramide biosynthesis disruption links into this, is unknown.

Host specific toxins and new hosts
HSTs target very narrow host range, and during this age of intensive agriculture, monocultures and the previous use of non-tilling practises niches have been created in which high densities of plants of very low genetic diversity exist in large areas (Stukenbrock and McDonald, 2008). These niches are ideal for pathogens, but especially favourable for pathogens that use HSTs. As HSTs are very specific to the host organism it is not likely that an HST for one host will allow colonisation on a new host, but incorporation  of new HSTs into a pathogen’s genome can. Host susceptibility to HSTs is dominant, which makes it more difficult for plants to acquire resistance to these toxins, especially when the susceptibility locus is part of the plant’s immune system itself. It has been suggested that HSTs in A. alternata are very important in the first stages of host infiltration, which also shows how important HSTs are in the infection process. 
HST biosynthesis genes found on CD chromosomes, such as the ones found in A. alternata and F. oxysporum, are subjected to different selective pressures as it is suggested that areas with high repeat elements are subjected to many mutations (RIP), which may accellerate evolution and the formation of new HSTs (Coleman et al., 2009; Selker, 2002). The high repeat content may also affect the mobility of these genes within populations and even in different species (Chapter 5), which will also allow colonisation of new hosts.  


4.4 The emergence of new pathogens
Adaptation of a saprophytic fungus to a pathogenic one, or the changing of the host range of a pathogen are complex processes as the pathogen must circumvent several aspects of the plant’s immune system before a compatible interaction can be achieved (Section 4.1).The adaptation of a pathogen to a host and the subsequent co-evolutionary process can take a long time. Phylogenetic analyses of non-pathogenic and pathogenic isolates of a given pathogen, it can be determined how long a go a pathogen has emerged (Couch et al., 2005). The adaptation of Mycosphaerella graminicola to wheat is thought to be a process that started between 10.000-12.000 years ago, while M. oryzae is thought to have been a rice pathogen for around 7000 years (Couch et al., 2005; Stukenbrock and McDonald, 2008). 

When colonising new niches, it is also important to outcompete all the other inhabitants. Genes that allow utilisation of alternative carbon sources are key in doing this. The N. haematococca MPVI HUT genes allow the use of homoserine as a carbon source, which is present in the rhizosphere. Utilisation of this carbon source allows N. haematococca MPVI a competitive growth advantage over other inhabitants of the rhizosphere (Rodriguez-Carres et al., 2008). The ORX1 gene of F. oxysporum f. sp. lycopersici may also be an example of this. 


Host jumps and host shifts
Pathogens that are specialised to infect one host are able to change hosts by means of a host shift or a host jump. Host jumps involve a new host that is genetically close to the old host. Usually such a shift occurs from a wild host to a domesticated host. A good example of such a case is the host shift of the oomycete Phytophthora infestans from wild Solanum species to potato, causing the devastating potato late blight (Stukenbrock and McDonald, 2008). Host jumps involve a new host that is genetically distant from the old host, such as the jump of the fungal pathogen Rhynchosporium secalis from wild grasses to barley (Stukenbrock and McDonald, 2008). Host jumps are not only important for pathogens to retain a pathogenic lifestyle even when host populations evolve strong resistance, but also in cases where the host plant species is decimated, either by the pathogen itself or by environmental changes (Raffaele and Kamoun, 2012). This is especially important for (obligate) biotrophic pathogens, which cannot survive without a host, but may also be important for nectrotrophic fungi. 
 
The constant adaptation of host and pathogen via ETI and ETS ultimately leads to specialisation of a pathogen to its host, co-evolution. Co-evolution leads to narrowing of a host range, making it unlikely that the pathogen will switch to another host under different environmental or geographical conditions. For pathogens to switch to new hosts, it is important to have a diverse range of effectors and virulence factors (Figure 4.2). Effector diversification can lead to the formation of chimeric genes, or genes that are slightly modified by point mutations, or even the formation or acquisition of entirely new genes by HGT. It is also possible that effector genes are modified by translocations, recombination or modification of expression patterns, to gain new functions (Raffaele and Kamoun, 2012). It has been proposed that there are four conditions that favour effector diversification (Schulze-Lefert and Panstruga, 2011). Firstly, positive selection must occur on random mutations on genes. Secondly, the genome must contain mobile genetic elements and these mobile genetic elements must be associated with effector candidates. This criterion is important as a high incidence of mobile genetic elements is an indicator of genome plasticity—genes can be easily inactivated by MIP, RNAi or RIP, duplicated due to transposon activity or recombined in these areas (Raffaele and Kamoun, 2012). Thirdly, components related to epigenetic modification are under accelerated evolution. Epigenetic modification is important as it allows effectors to be silenced (e.g. if recognised by ETI) without decreasing the effector repertoire. Lastly, recombination or non-disjunction of non-essential chromosomes during sexual reproduction can cause the formation of new effectors (Schulze-Lefert and Panstruga, 2011). 
CD chromosomes adhere at least four of these conditions. Chromatin remodelling components are also found on chromosome 14 of F. oxysporum f. sp. lycopersici, but it is not known whether these are functional or if such components are also present on other CD chromosomes (Ma et al., 2010). CD chromosomes are therefore likely candidates for increasing the effector repertoire of pathogens, enabling them to infect new hosts. 

Compared to adaptation of pathogens to new hosts, host shifts and host jumps are a rapid evolutionary event—while adaptation can gradually take place over time scales of 7000-12000 years, host jumps are abrupt events, which have occurred between 500-2000 years ago (Stukenbrock and McDonald, 2008). Host jumps mediated by HGT allow an even more rapid switch. It is thought that P. tritici-repentis acquired the HST gene ToxA from S. nodorum through HGT. This host jump is thought to have occurred approximately 60 years ago, yet P. tritici-repentis is already a major pest of wheat nowadays (Friesen et al., 2006).
The MAK1 gene and PEP cluster are both present on chromosome 14 of Nectria haematococca MPVI (Coleman et al., 2009) and N. haematococca MPVI is pathogenic on both pea and chickpea. As the PDA6 gene exhibits detoxification activity on both pisatin and maackiain and other MAK and PDA genes are present on the A-chromosomes of N. haematococca, it is likely that the CD chromosome of N. haematococca MPVI has enabled the N. haematococca MPVI to jump to pea as a new host (Liu et al., 2003; Miao and VanEtten, 1992). It is not clear whether N. haematococca was a pathogen of chickpea first and then acquired the CD chromosome, or  if acquisition of the CD chromosome and subsequent mutations and duplications of genes facilitated a jump from saprobe to virulence on pea and then to virulence on chickpea.

From saprobe to pathogen
CD chromosomes allow a rapid switch from saprophyte to pathogen, as CD chromosomes cause a rapid diversification (or rather acquisition) of effector molecules. Transfer of a CD chromosome to a non-pathogenic fungal strain is often enough to cause this fungus to exhibit virulence on a given host, as has been evidenced in N. haematococca MPVI, F. oxysporum and A. alternata (Ito et al., 2004; Johnson et al., 2001; Ma et al., 2010; Masunaka et al., 2005; Ramos et al., 2007). Virulence genes are not only found on CD chromosomes, both F. oxysporum and N. haematococca MPVI carry several virulence genes and pathogenicity related genes on A-chromosomes (Miao and VanEtten, 1992; Ma et al., 2010). It is therefore necessary to determine whether genes on the A-chromosomes cause this jump.
In the A. alternata protoplast fusion experiments between pathogenic strains, strains were created that were pathogenic to multiple hosts. The progeny of such protoplast fusion experiments, fusants, only carry one set of A-chromosomes, belonging entirely to one parent, thereby ruling out interference from the other parent’s A-chromosomes (Akagi et al., 2009; Akamatsu et al., 2001; Masunaka et al., 2005). The ETS6 fusant carries A-chromosomes and 1.0 Mb CD chromosome of A. alternata strawberry pathotype and the 1.05 CD chromosome of tomato pathotypes and is pathogenic on both tomato and strawberry (Akagi et al., 2009). The same was observed in fusants between apple and tomato pathotypes, which contained both CD chromosomes, and in a fusant carrying CD chromosomes carrying ACRT and ACTT genes (Akamatsu et al., 2001; Masunaka et al., 2005). 
A worrying observation is that such strains can occur naturally. A. alternata BC3-5-1-OS2A is pathogenic on both rough lemon and tangerine and carries a 2.0 Mb CD chromosome carrying ACRT genes and a 1.05 Mb chromosome carrying ACTT and markers for rough lemon pathotype specific CD chromosomes. Strains carrying multiple CD chromosomes may pose a significant threat to agriculture as these strains would be able to infect a very broad host range. Protoplast fusion experiments with pathogenic N. haematococca MPVI has shown that the presence of two copies of chromosome 14  significantly increased virulence on pea seedlings. Furthermore, saprophytic growth was not affected in these strains and the CD chromosomes remained stable for five to eight generations. Fusants harbouring four copies of chromosome 14 were also stable (Garmaroodi and Taga, 2007). CD chromosome copy number was also linked to virulence in F. oxysporum f. sp. phaeseoli (Ramos et al., 2007). All these findings suggest that strains harbouring multiple CD chromosomes are stable and would probably be able to persist in the nature and therefore may pose significant threats to crop health.

Host evolution and CD chromosomes
While CD chromosomes allow infection of host plants, this doesn’t mean plants are powerless against pathogens carrying these chromosomes. The best example of this is seen in the interaction between SIX proteins of F. oxysporum f. sp. lycopersici and tomato. Chromosome 14 contains the SIX1, SIX2 and SIX3 genes, which are thought to encode toxins and are virulence factors on tomato. While several tomato cultivars are susceptible to infection by this pathogen, if a cultivar contains the I-3 or I-2 R-genes it is resistant to fungal strains carrying SIX1 and SIX2, respectively (Houterman et al., 2009; Rep et al., 2004). L. maculans carries a CD chromosome that differs significantly from the other CD chromosomes discussed as the chromosome has only been linked to avirulence on B. rapa and not shown to contribute to virulence. The SC22 chromosome of  L. maculans encodes  AvrLm11, the gene product of which is recognised by RLm11 of B. rapa 02-159-4-1. Other B. rapa strains are susceptible to L. maculans (Balesdent et al., 2013). L. maculans is primarily known as  a pathogen of B. napus, a species that has been created from a cross between B. rapa and Brassica oleracea, which may explain why L. maculans is able to infect both B. napus and B. rapa. It is not known what the function of AvrLm11 is, but like SIX1 and SIX3 in susceptible tomato cultivars, it is likely that it encodes a protein that can act as an effector on susceptible B. napus or B. rapa lines (Balesdent et al., 2013). 
The SC22 chromosome, while low in genes, must have or have had a function in virulence, as in 809 naturally occurring isolates of L. maculans, only 3.2% lacked markers for the SC22 chromosome and AvrLm11. When comparing isolates taken in 2000-2001 and 2010-2011, the percentage of isolates lacking these markers had gone down from 4.5% to 2.4% (Balesdent et al., 2013). This would not be expected if the chromosome was not functional. It is possible previously uncharacterised genes exist on this chromosome, which are involved in virulence. In mating experiments between L. maculans SC22+ and SC22- strains, recombination of SC22 with other chromosomes occurred in 27% of the progeny (Leclair et al., 1996). This high recombination factor may indicate that functional genes may have been transferred from SC22 to larger chromosomes, gradually depleting the SC22 chromosome, but a more comprehensive analysis of SC22 chromosomes of natural isolates needs to be performed to determine this.

Taken together, it becomes evident that the genes on CD chromosomes contribute to virulence and the colonisation of new hosts.


Chapter 5: The formation and mobility of CD chromosomes
CD chromosomes differ significantly from A-chromosomes. As outlined in Chapter 2, they are smaller, have a lower gene density, consist of a higher percentage of repetitive DNA, and they are dispensable for saprophytic growth. Furthermore, it is likely that CD chromosomes were acquired horizontally from other species. So far CD chromosomes have only been observed in fungi. Taking all these points into account it is possible to postulate how CD chromosomes are formed, in which organisms they were formed and how they are transmitted from species to species. 

5.1 Formation of conditionally dispensable chromosomes 
Fungal genomes are constantly subjected to chromosomal rearrangement. This is clearly noticeable when comparing karyotypes of fungi belonging to the same species (Akagi et al., 2009; Hatta et al., 2002; Masunaka et al., 2005; Zolan, 1995). The karyotypes can be vastly variable, while genome size is predominantly constant (Zolan, 1995). These rearrangements can occur between heterologous chromosomes (interchromosomal rearrangement) or within a single chromosome, between chromatids or homologous chromosomes (intrachromosomal rearrangement) (Zolan, 1995).  

Methods of chromosomal rearrangement in fungal genomes
Chromosomal rearrangement can occur in laboratory strains used in mutagenesis screens when subjected to UV or gamma radiation, as this may induce double stranded breaks or point mutations that induce recombination via the DNA repair process (Fierro and Martín, 1999). In nature, chromosomal reorganisation can occur spontaneously, either due to breakage, recombination or errors in DNA replication (Figure 5.1) (Fierro and Martín, 1999; Zolan, 1995). One consequence of double stranded breaks is deletion, when a chromosome fragment is not reattached (Figure 5.1A). If breaks occur on two heterologous chromosomes, and these are incorrectly reattached, chromosome translocation has occurred (Figure 5.1B).
Translocation can also occur as a consequence of errors during mitosis, when hairpin structures form on the template DNA strand, due to close proximity of repeated elements (Figure 5.1C). The region between the hairpin is not replicated (Alberts et al., 2008).

Repeated elements play a very important role in chromosomal rearrangement: homologous recombination can occur between two similar repeated elements. The more repeated elements are present in a chromosome, the more unstable this region becomes. One consequence of recombination between repeats is deletion. If homologous recombination occurs between two repeated elements of the same orientation, the region between these two elements is excised causing (Figure 5.1D). Unequal exchange of tandem repeats between sister chromatids, homologous chromosomes or heterologous chromosomes can also cause the translocation of a chromosomal region (Figure 5.1E-F). Translocations can also be caused by recombination between repeated elements on heterologous chromosomes (Figure 5.1G). If a significant amount of both chromosomes is translocated, this can lead to the formation of novel chromosomes (Figure 5.1H). As telomeres are repetitive DNA, recombination can also occur here. Recombination can also occur between a telomere and a similar sequence within the same chromosomes (Figure 5.1I) or a heterologous chromosome (Figure 5.1J), causing deletion of the remainder of the chromosome or translocation, respectively. Subtelomeric reorganisation (Figure 5.1K) happens if recombination occurs between elements of the subtelomeric regions of chromosomes, as these areas also consist largely of repetitive DNA (Brown, 2007c; Zolan, 1995). Lastly, if repeated elements of opposing orientations flank a chromosomal region, this region can be inverted (Figure 5.1L). 
As a large proportion of the genetic content on CD chromosomes is repetitive DNA, it is very likely that the formation of CD chromosomes has involved chromosomal rearrangements. Mitotic instability is often observed in chromosomes of strains exhibiting a lot of CLP. Many fungal strains can be kept in asexual culture for several generations without disturbing the karyotype (i.e. causing large mutations in the genome). However, some strains are more prone to degeneration of the karyotype (Zolan, 1995). Several strains of Magneporthe grisea  are prone to large genomic rearrangements, deletions and translocations (Chuma et al., 2003; Zolan, 1995). It has been suggested that this is due to the high content of dispersed repeats in the genome of M. grisea (Chuma et al., 2003). M. grisea isolates also carry a number of supernumerary chromosomes (Chuma et al., 2003; Dean et al., 2005). 


Figure 5.1: Types of chromosomal rearrangement in fungal genomes. Blue lines indicate homologous chromosomes or sister chromatids, orange lines denote heterologous chromosomes. Telomeres are marked with closed circles, open circles indicate centromeres. Rearrangement can occur after chromosome breaks (jagged lines) or recombination (X). Triangles indicate repeat elements, open boxes are subtelomeric repeats, closed boxes indicate any genetic element. Dashed lines indicate newly replicated DNA. Figures A, C, D and I result in partial deletions,  B, E-G, J and K result in translocations, H leads to formation of new chromosomes and L causes inversions of chromosomal regions. Adapted from Zolan, 1995, and Fierro and Martìn, 1999.

Chromosomal rearrangement and CD chromosomes
CD chromosomes can be maintained in fungal lab strains over several generations and their prevalence in pathogenic isolates from all over the world suggests that they are maintained in natural populations as well (Akamatsu et al., 1999; Coleman et al., 2009; Ma et al., 2010; Masunaka et al., 2005; Ramos et al., 2007). Nevertheless, CD chromosomes consist for a large percentage of repetive DNA, and this makes them more unstable than A-chromosomes (Leclair et al., 1996; Miao and VanEtten, 1992). In fusants of two N. haematococca MPVI, two copies of chromosome 14 were present, but one of these copies was truncated. FISH studies showed that part of this chromosome had translocated to A-chromosomes (Garmaroodi and Taga, 2007). Unusually, the 4.1 Mb CD chromosome of  the A. alternata Japanese pear pathotype is around the same size as the A. alternata A-chromosomes (Tanaka and Tsuge, 2000). As CD chromosomes are under 2.5 Mb in size, therefore it is probable that this chromosome is the product of recombination of a small CD chromosome and an A-chromosome fragment (Figure 5.1B, G, H).
The maize pathogen Cochliobolus carbonum carries a 3.5 Mb A-chromosome containing the TOX2 locus, which is responsible for the biosynthesis of the HST HC-toxin. TOX2 genes are present in multiple copies. When TOX2- and TOX2+ strains are crossed, 4% of the progeny exhibited loss of virulence attributed chromosome breakage of the 3.5 Mb A-chromosome. The region that was lost was a 0.8-1.2 Mb region including the (partial) TOX2 locus (Pitkin et al., 2000). The 3.5 Mb A-chromosome was said to be meiotically unstable, yet as it is an essential chromosome, was never lost in its entirety (Ahn et al., 2002; Pitkin et al., 2000). This also shows that the 0.8-1.2 Mb stretch is dispensable for saprophytic growth (Pitkin et al., 2000).  If chromosome breakages such as in C. carbonum are combined to form new chromosomes (Figure 5.1), this chromosome would contain virulence related genes but be dispensable for normal growth, similar to a CD chromosome. In C. carbonum SB111 a 0.7 Mb chromosome carrying a single TOX2 gene (TOXE) was found, this copy of TOXE is thought to be a duplicated from the TOX2 locus  (Ahn and Walton, 1996). It is not known whether this chromosome is dispensable for saprophytic growth or what the genetic content of this chromosome is, so it cannot be classified as a CD chromosome as of yet. However, it may allow an interesting insight into what possibly could be the early formation of a CD chromosome.

The size of the apple pathotype A. alternata CD chromosome varies between 1.1-1.7 Mb in different isolates, yet the AMT genes on these chromosomes appear the same (Johnson et al., 2001). The CD chromosomes of the rough lemon pathotype also vary in size, between 1.2-1.5 Mb (Masunaka et al., 2005). This may also indicate chromosomal rearrangement, further highlighting the dynamic nature of these chromosomes (Johnson et al., 2001). 
Furthermore, the 1.05 Mb CD chromosome of the tangerine and rough lemon pathogen A. alternata BC3-5-1OS2A carries both ACTT genes and rough lemon pathotype specific CD chromosomes, a unique occurrence among A. alternata CD chromosomes (Masunaka et al., 2005). It is not known whether ACR toxin biosynthesis genes are present on this chromosome, but it is evident that recombination between a rough lemon pathotype and tangerine pathotype CD chromosome has occurred to create this chromosome.

Chromsomal rearrangement is frequent in fungi that only propagate asexually, so it has been suggested chromosomal rearrangment is a method asexual fungi adopt to increase genetic variation within a species (Fierro and Martín, 1999). For example, the Basidiomycete Cryptococcus neoformans, pathogenic to immunocompromised humans, is subdivided into three serotypes (A, D and AD). Fungi of serotype A and D can propagate sexually, but serotype AD, an aneuploid hybrid of A and D strains, cannot as not all chromosomes can pair up during meiosis. It was observed that strains of the AD serotype of C. neoformans exhibit extensive chromosomal rearrangements that maintain genetic variability (Sun and Xu, 2009).Chromosomal rearrangements are more rare in sexually reproducing fungi as it is thought that interchromosomal rearrangement can increase the risk of chromosomal breakage during meiosis in outcrossing (heterothallic) fungi, thus decreasing fertility (Espagne et al., 2008; Whittle et al., 2011). Self-compatible (homothallic) sexual fungi are thought to have tolerance for this phenomenon (Whittle et al., 2011).
Extensive chromosomal rearrangements of areas containing virulence genes and many repetitive elements would have been facilitated by the inherent instability of the area due to the repetitive DNA. CD chromosomes are low in housekeeping genes, but it is currently not known whether they have been lost from these chromosomes via deletion or if only virulence related genes were present on newly formed CD chromosomes in the first place (Ma et al., 2010). 
F. oxysporum and A. alternata have no known sexual stage (Rep and Kistler, 2010; Thomma, 2003). It is therefore likely that extensive chromosomal rearrangements can occur in these  species, which is also seen in the different size ranges of the A. alternata CD chromosomes. N. haematococca MPVI and L. maculans are the sexual stages of F. solani and Phoma lignam, respectively (O'Donnell, 2000; Somda et al., 1997) Both are heterothallic fungi, therefore it is likely that CD chromosomes did not originate from these two species themselves. Phylogenetic analyses of N. haematococca MPVI, Fusarium species and  other other fungi are in concurrence with this hypothesis—results suggested that chromosome 14 originated outside N. haematococca (Milani et al., 2012). Similar studies on F. oxysporum suggest the same for the CD chromosomes of F. oxypsporum f. sp. lycopersici and F. oxysporum f. sp. pisi. The evidence for this will be discussed in Section 5.2. 


5.2 Horizontal transfer of genetic material in fungal plant pathogens
The genetic contents of CD chromosomes suggests that these chromosomes were acquired horizontally, as was described in Chapter 2. Horizontal gene transfer (HGT) to eukaryotes has been very important in the evolution of eukaryotes, but in general these were relatively rare and ancient events. The most well known cases of HGT to eukaryotes were involved with endosymbiosis, where ancient α-proteobacteria were incorporated into the first eukaryotic cells and cyanobacteria were incorporated into the first plants (Bock, 2010). Fungi have been the recipients of several prokaryotic gene families, including several that are involved in the metabolism of nucleic acids, amino acids and other nitrogen compounds (Richards et al., 2011). Fungi belonging to the Pezizomycotina superclass (part of the Ascomycetes and home to almost all the filamentous fungi discussed in this thesis) was affected the most by HGT (Marcet-Houben and Gabaldón, 2010). 
HGT between eukaryotes is an even more rare occurance, but fungi have been involved in a number of cases. In a large phylogenomic analysis involving 84 eukaryotic and 60 prokaryotic strains it was revealed that five gene families (including L-fructose permeases, phospholipases and siderophores) were transferred from fungi to Bryophytes. Four gene families were transferred to Chytridiomycetes to a common ancestor of green algae and land plants (Richards et al., 2009). Evidence also strongly suggests that the evolution of pathogenic oomycetes was facilitated by a large transfer from fungi to oomycetes—34 oomycete gene families were shown to have a fungal origin. Most of these genes encoded secreted proteins and enzymes needed for the breakdown of plant materials, e.g. hemicellulases (Richards et al., 2011).

The possibility of horizontal acquisition of CD chromosomes is particularly evident in N. haematococca MPVI and F. oxysporum lineages as the gene density and GC content of the CD chromosomes, and gene length and codon bias of genes on the CD chromosomes differ significantly from A-chromosomes. Furthermore, it has been observed that the various F. oxysporum f. sp. lycopersici isolates found globally form polyphyletic groups with non-pathogenic isolates from the same area, i.e. the F. oxysporum f. sp. lycopersici strains do not share a common ancestor (Van Der Does et al., 2008). Nevertheless, they all carry the same CD chromosome necessecary for virulence, which again suggests it was acquired horizontally (Ma et al., 2010). The genome of A. alternata has not been sequenced, therefore it is not yet possible to determine what the origins of the A. alternata CD chromosomes are. It is however very likely that horizontal transfer has also played a significant part here, as similarly to F. oxysporum f. sp. lycopersici A. alternata CD chromosomes are found in pathogenic isolates from around the globe (Akagi et al., 2009; Akamatsu et al., 1999; Hatta et al., 2002). This makes it likely that pathogenicity was acquired laterally on multiple occasions. 

Similarities between pathogenicity islands and CD chromosomes
The link between pathogenicity and HGT is very clear in bacteria, where the exchange of virulence plasmids and R-plasmids between pathogenic and non-pathogenic strains can have a rapid and devastating effect on host populations. The rapid emergence of pathogens such as Shigella or the adaptation to resist antibiotics, such as in Staphylococcus aureus is due to horizontal transfer of these plasmids (Dobrindt et al., 2004; Ochman et al., 2000). Virulence plasmids are examples of pathogenicity islands (PIs) that are found in bacterial genomes. The characteristic traits of PIs are very similar to those of CD chromosomes: This region of the genome should contain genes needed for pathogenicity and should be dispensable for non-pathogenic growth. PIs are also not present in all isolates within a given species. Furthermore, the region is characterised by a high prevalence of repetitive DNA—preferably mobile elements such as transposons. Lastly, the genetic content of a PI is significantly different to the rest of the genome: the GC content, codon bias and gene length all differ from the rest of the genome (Ochman et al., 2000). The last three criteria are also indicators of HGT.
Chromosomes 14 of N. haematococca MPVI and F. oxysporum f. sp. lycopersici adhere to the abovementioned criteria, as has been shown in Chapters 2-4. As was outlined in Section 2.3, the differences between the genetic content of the CD chromosomes and A-chromosomes is great enough to strongly suggest that these chromosomes were acquired horizontally. This raises the question as to where these chromosomes came from. 

HGT and HCT between fungi: Donors and recipients of virulence genes
The genetic content of a genome, e.g. its GC-content, gene length, gene denisity, intron or exon length and codon bias is unique for each organism, which can be used in the same way as a fingerprint to attribute a gene to a genome (Brown, 2007b). These factors are also more similar between more related species, which is why, when performing phylogenetic analyses, genes from closely related species should cluster together. When a gene is transferred horizontally from a donor to a recipient organism, this gene will cluster together with genes from the donor organism even if the organisms are not closely related. Species related to the recipient species will often also not carry this gene. If this happens, stringent phylogenetic analyses are needed to determine whether the gene was transferred into the species rather than inherited vertically and lost from related species (Richards et al., 2006).

While the vast majority of HGT events in fungi are ancient events, there are a few more recent cases of HGT involving pathogenic Ascomycetes. As was described in Chapter 4, the genes encoding the HST ToxA in P. tritici-repentis and S. nodorum (PtrToxA and SnToxA) share high sequence similarity. The genes share 99.7% sequence identity and both genes are situated on a 11 kb region within A-chromosomes that shares 80-100% sequence identity. The centre of this region carries the ToxA gene and a transposase and is highly conserved, while the flanks are less conserved. In S. nodorum this region is flanked by two transposable elements, which are not present in P. tritici-repentis (Friesen et al., 2006). These findings suggest that the 11 kb region from S. nodorum was transferred horizontally to P. tritici-repentis,  most likely facilitated by transposon activity. This is also supported by epidemiological evidence—P. tritici-repentis was only reported as a pathogen of wheat in 1941. In combination with the high sequence identity of the ToxA region, it is likely that this HGT event occurred shortly before 1941 and is a very recent event (Friesen et al., 2006). 

The 1.6 Mb CD chromosome of the N. haematococca MPVI and F. oxysporum f. sp. pisi both contain the PEP cluster (Coleman et al., 2011; Han et al., 2001; Temporini and VanEtten, 2004). The source of the PEP cluster has been attributed to Neocosmospora boniensis. N. boniensis belongs to the Nectriaceae family, like N. haematococca and contains the PEP cluster containing the PDA1, PEP1, PEP2, cDNA3, cDNA4 and PEP5 genes(Temporini and VanEtten, 2004). The organisation of these genes in this cluster (synteny), was not conserved. N. boniensis was found to be pathogenic on pea, but had not been reported as a pathogen of pea before this study (Temporini and VanEtten, 2004). It is also not known if the PEP genes are present on a CD chromosome or an A-chromosome of N. boniensis. PDA1 homologues were also found in Neocosmospora vasinfecta and Neocosmospora tenuicristata and nucleotide sequences of the PDA genes of N. boniensis, N. tenuicristata, N. vasinfecta, N. haematococca MPVI and F. oxysporum f. sp. pisi were used to determine the phylogenetic history of these genes. When these phylograms were compared with phylograms of beta-tubulin or EF-1α genes of the same fungi, it showed that the phylogenetic history of PDA genes differed significantly from the taxonomic relationships between the species they were found in (Milani et al., 2012). It is very likely that HGT between N. boniensis and N. haematococca MPVI has occurred and as the two species belong to the same family, it is likely that this event occurred relatively recently (Milani et al., 2012; Temporini and VanEtten, 2004). It is not known whether the other two Neocosmospora species carry other PEP cluster gens apart from PDA1. However, it is not yet conclusively proven that N. boniensis  is the source of the PEP cluster. For this to be proven, the genomic content of N. boniensis needs to be compared with the content of the PEP cluster and N. haematococca MPVI chromosome 14. 

Synteny of the PEP cluster on the CD chromosome of F. oxysporum f. sp. pisi is conserved, and PEP1, PEP2 and PEP5 genes are present on other pathogenic strains of F. oxysporum, such as  F. oxysporum f. sp. lycopersici and f. sp. cubense (Temporini and VanEtten, 2004). While the PEP cluster is expressed in F. oxysporum f. sp. pisi, it is not known whether they are expressed in other pathogenic strains or on which chromosomes these genes are found. If the PEP cluster genes are found on CD chromosomes it may be possible that all CD chromosomes of F. oxysporum are derived from the CD chromosome of N. haematococca, but this would not explain where the other virulence genes, such as the SIX genes of F. oxysporum f. sp. lycopersici came from. The origins of the genes on chromosome 14 of F. oxysporum f. sp. lycopersici are unclear, although phylogenomic analyses have shown that the genes are not present in the closely related Fusarium graminearum and Fusarium verticillioides (Ma et al., 2010). 

As CD chromosomes contain several genes and chromosomes are thought to be transferred in their entirety, the term horizontal chromosome transfer (HCT) is a more appropriate term than HGT for this phenomenon. HCT between fungi has also been observed in Ascomycetes that do not carry CD chromosomes. Mycosphaerella graminicola has eight supernumerary chromosomes ranging between 0.40-0.77 Mb that appear to have been transferred horizontally from another fungus but they can be lost without any effect on growth or pathogenicity. M. graminicola is a pathogen of wheat, as is S. nodorum, which is thought to be the donor of these chromosomes. Synteny is not preserved between the two species, which may suggest extensive intrachromosomal recombination (Goodwin et al., 2011). Transfer of supernumerary chromosomes has also been observed in C. gloeosporoides and evidence exists that transfer of this chromosome can also occur in nature (He et al., 1998; Masel et al., 1996). This will be discussed more extensively in Section 5.3. As these chromosomes are supernumerary, it is unlikely that any genes were carried over during this transfer and that these chromosomes do not imbue  the fungus with a selective advantage. 

Taken together, evidence strongly suggests that CD chromosomes did not originate from the species in which they are found. It is likely that chromosomes are transferred between species, the methods through which that happens will be discussed in Section 5.3.


5.3 Methods of chromosome transfer between fungi
CD chromosomes are found in several different pathogenic isolates of A. alternata, N. haematococca MPVI and F. oxysporum. Furthermore it is generally accepted that CD chromosomes were transferred to fungi by means of horizontal chromosome transfer. The molecular mechanisms behind horizontal chromosome transfer are poorly understood and there are three issues that need to be addressed: How are CD chromosomes passed between isolates of an exclusively asexually propagating fungi, how are they passed between different species and why are only the CD chromosomes transferred? 
Anastomosis between different fungal isolates may explain how chromosomes are transferred. Anastomosis refers to the formation of a  physical connection between adjacent tubular structures of an organism, such as blood vessels, vascular bundles or hyphae (Glass et al., 2004). Anastomosis between fungi has been observed in Basidiomycetes, Ascomycetes and Glomeromycetes and is thought to be important during the formation of arbuscular mycorrhizas. Anastomosis can occur between mature hyphae (hyphal anastomosis) or conidia (conidial anastomosis). Both of these mechanisms will be discussed in this section.


Intraspecific chromosome transfer: Hyphal anastomosis and protoplast fusion 
Hyphal anastomosis involves the fusion of mature hyphae of the same fungus (self/self fusion) or between different fungi (self/non-self fusion) and leads to the formation of heterokaryotic mycelium (Glass et al., 2004), observed in Figure 5.2A-C. In sexually reproducing fungi, it is the first step in the change to the sexual life cycle (Glass et al., 2004). Many fungi that do not exhibit a sexual stage are still able to initiate hyphal anastomosis, but like in sexually reproducing fungi, there are many restrictions producing a stable heterokaryon (Di Primo et al., 2001; Ishikawa et al., 2012; Katan et al., 1991). F. oxysporum is an example of such a fungus and it can form heterokaryons within the same vegetative compatibility group (Di Primo et al., 2001). Fungi that are vegetatively incompatible cannot successfully perform hyphal anastomosis as the donor nuclei and hypha will be rejected and rapidly disintegrate (Glass et al., 2004). Several isolates of F. oxysporum f. sp. lycopersici from around the world were tested for vegetative compatibility and the ability to form heterokaryotic mycelium and sorted into four vegetative compatibility groups. Hyphal anastomosis could not occur between these different groups (Katan et al., 1991). F. oxysporum f. sp. lycopersici Fol007 and the non-pathogenic F. oxysporum Fo-47 belong to the same vegetative compatibility group and when grown together, formed heterokaryotic mycelium. Conidia that are collected from this hybrid were screened for the presence of F. oxysporum f. sp. lycopersici chromosome 14. Fo-47 strains that had received chromosome 14 were pathogenic; none of the other Fol007 chromosomes were transferred to Fo-47 or vice versa (Ma et al., 2010).  

Hyphal anastomosis has been observed in Alternaria brassicola and is necessary for virulence on cabbage. Both self/self and self/non-self hyphal fusions occurred, but it was not determined whether this was possible between different species, neither is it known if hyphal anastomosis  occurs in A. alternata (Craven et al., 2008). Protoplast fusion experiments on A. alternata allow the transfer of CD chromosomes between different strains, but this process does not  result in the formation of heterokaryons but haploid cells known as fusants. A donor strain donates the CD chromosome to the recipient strain, but the A-chromosomes of the donor strains are lost in the fusants (Akagi et al., 2009; Akamatsu et al., 2001; Masunaka et al., 2005). 
While protoplast fusion is unlikely to occur in nature, it again raises the question as to why certain chromosomes can be transferred while other chromosomes are not. 

As CD chromosomes are smaller than other chromosomes, it is likely that there are constraints on the size of a chromosome that can be transferred. Both during hyphal anastomosis of asexual fungi and protoplast fusion, the nuclei do not fuse to form one diploid nucleus. This also raises the question of how a chromosome can pass from one nucleus to another—it is not known whether this is an active process or a coincidental event.  More research in these areas is needed to answer these questions.  


Conidial anastomosis and transfer of genetic material 
In Ascomycetes, anastomosis  can occur between conidia by means of conidial anastomosis tubes (CATs, Figure 5.2E-F). Conidia can form both CATs and conidial germ tubes; both have significantly different functions— germ tubes are the first outgrowth of a germinating conidia and its primary function is to grow towards a suitable area for the fungus to colonise, while CATs exist to create connections with other conidia (Gabriela Roca et al., 2005). The physiology and behaviour of CATs and conidial germ tubes of the Ascomycete Neurospora crassa was compared in detail. CATs are shorter and thinner than germ tubes (Figure 5.2D), exhibit determinate growth and are attracted towards other CATs-- the opposite of conidial germ tubes (Roca et al., 2005). CAT formation is density dependent, suggesting quorum sensing orchestrated by a small secreted signalling molecule initiates the process (Roca et al., 2005; Roca et al., 2004). After CAT initiation, CATs grow towards each other, a process called CAT homing. CAT homing is thought to be achieved using chemotropic growth, but the signalling molecule is unknown (Gabriela Roca et al., 2005). 

The last step in conidial anastomosis is CAT fusion, which enables the exchange of nuclei, organelles or plasmid DNA (Gabriela Roca et al., 2005). CAT initiation and CAT homing always occurs at high conidial densities, regardless of the species involved, but CAT fusion does not, suggesting that a pre-fusion recognition mechanism may exist in some strains (Gabriela Roca et al., 2005). Nevertheless, there seems to be more tolerance for self/non-self interactions in conidial anastomosis, compared to hyphal anastomosis. In Colletotrichum lindenmuthianum mature colonies of incompatible fungi are used to induce hyphal anastomosis, cell death of the nuclear donor hypha occurs rapidly and donor nuclei disintegrate. However, if heterokaryons are formed by CAT fusion, this does not happen. By expressing RFP and GFP in the nuclei of different strains, it was observed that nuclei from different parent strains remained in distinct sections of the colony, separated from each other. In some cases nuclear fusion occurred in these strains and it is thought that diploid mycelium was created. However, self/self CAT fusion occured in 12% of all cases of CAT fusion, whereas self/non-self CAT fusion only accounted for 3%, showing that even though it is possible to form heterokaryons from incompatible strains, this is a relatively rare event (Ishikawa et al., 2012).
In some fungi CAT fusion can even occur between different species. Colletotrichum gossypii (pathogenic on common bean) and non-pathogenic C. lindemuthianum  undergo conidial anastomosis if conidia were inoculated together, at high densities (1x106 spores). A hygromycin resistance gene was transformed into C. lindemuthianum and when coincubated to Colletotrichum gossypii, was found inside the C. lindemuthianum x C. gossypii hybrid strains (Roca et al., 2004). The heterokaryotic strains exhibited distinct characteristics of each parental strains, each part producing conidia from one of the parental strains. One of the germinated conidia retained physical characteristics of C. gossypii and pathogenic on common bean but was hygromycin resistant. After alternating this hybrid fungus between non-selective medium and medium containing hygromycin for a year, pathogenicity on common bean was lost but hygromycin resistance was retained (Roca et al., 2004). 
Karyotypic analysis of this strain would have given insight into how this may have happened; it is not clear whether the hygromycin gene alone was incorporated into a C. gossypi genome, or perhaps an entire chromosome of C. lindemuthianum was. It should also be noted that this fusion occurred between closely related fungi and that the germination rate of the hybrid conidia was lower than that of other conidia extracted from the heterokaryotic strain (Roca et al., 2004).
Chromosome transfer between vegetatively incompatible isolates has been demonstrated under laboratory conditions using Colletotrichum gloeosporoides. A 2.0 Mb supernumerary chromosome was transferred from C. gloeosporoides biotype A to C. gloeosporoides biotype B (He et al., 1998). The 2.0 Mb chromosome was tagged with a hygromycin resistance gene and conidia were incubated together with conidia of a phleomycin resistant biotype B strain. Phleomycin-hygromycin resistant strains were checked for the presence of the 2.0 Mb chromosome using CHEF and restriction analysis, which showed that the chromosome had been transferred. No other chromosomes were transferred and it was suggested that this may be due to size constraints (He et al., 1998). It was also not observed whether conidial anastomosis or hyphal anastomosis facillitated this transfer, but as a high density of conidia (2x106 conidia per plate) was used, it is quite possible that CAT fusion is the cause. The natural isolate C. gloeosporoides biotype Bx carries 2.0 Mb or 1.2 Mb supernumerary chromosomes very similar to the 2.0 Mb chromosome of C. gloesporoides biotype A. The other chromosomes of biotype Bx carry genomic markers specific for the B biotype, but none for the A biotype, which suggests that this transfer should also be possible in nature (Masel et al., 1996).

As it has been shown that conidial anastomosis can occur between isolates that are vegetatively compatible or even between different species, it is a likely mechanism for the transfer of CD chromosomes (He et al., 1998; Ishikawa et al., 2012; Roca et al., 2004). While conidial anastomosis has been observed in L. maculans, N. haematococca and F. oxysporum (Gabriela Roca et al., 2005), it has not been studied in these species, therefore it is not known whether, like in Colletotricum it allows transfer of nuclei across the interspecies barrier. Furthermore, conidial anastomosis had not been documented for A. alternata, although it is not known whether CAT formation has never been studied in these fungi or whether it simply does not occur. The process through which only CD chromosomes are transferred is also unknown, but it is likely that size constraints of chromosomes play a important part in explaining why only CD chromosomes are transferred. Currently, it is being investigated whether chromosome transfer can be induced between pathogenic and non pathogenic F. oxysporum and if the CD chromosomes of pathogenic isolates can be transferred into non-pathogenic isolates (S. Schmidt, personal communication). If these experiments prove succesful, it will be a crucial step in understanding the mobility of CD chromosomes.


Chapter 6: Conclusions and prospects

Fungal pathogens are a significant threat to agriculture and world food security. Between fungal and bacterial plant pathogens, fungal pathogens  have been attributed to the greatest yield losses due to pathogens for crops such as wheat, rice, maize and potatoes (Oerke, 2006). Between 2001-2003 it was estimated that 10.2% of potato, 10.8% of rice, 8.5% of maize and 14.5% of soybean yields have been lost due to plant pathogens (Oerke, 2006). These crops are the main staples of people’s diets globally, and with undernourishment affecting 14.9% of the world’s population in 2012, crop loss due to fungal pathogens can have a devastating effect on the quality of life of many people. With the rising global population comes a rise in the demand for food, which calls for optimising crops and agricultural practices to minimise yield loss (Food and Agriculture Organization of the United Nations, 2012). 

Pathogenicity islands (PIs) in bacterial pathogens allow exchange of genetic material between different strains or species and can lead to rapid adaptations to antibiotics or allow previously non-pathogenic bacteria become virulent (Ochman et al., 2000). An example of PIs are bacterial virulence plasmids, which can be transferred to non-pathogenic bacteria via the process of conjugation, leading to horizontal gene transfer (Dobrindt et al., 2004). While conjugation does not occur in eukaryotes and HGT between eukaryotes is a rare process, a eukaryotic analogue of PIs appears to exist in some pathogenic fungi: CD chromosomes. The pathogens A. alternata, F. oxysporum, L. maculans, N. haematococca MPVI and M. anisopliae all have CD chromosomes, small chromosomes that, like PIs, are dispensable during saprophytic growth, but encode virulence genes that are essential for pathogenicity on certain hosts. Evidence also suggest that these chromosomes are transferred horizontally between different strains and species. With the exception of the entomopathogen M. anisopliae, currently all fungi that are known to carry CD chromosome are plant pathogenic fungi. The abovementioned fungi are the causal agents of a plethora of diseases on plants. This is especially the case for A. alternata and F. oxysporum as these species can be subdivided into several pathotypes or formae speciales, which can infect a very broad range of hosts (Ramos et al., 2007; Takken and Rep, 2010; Thomma, 2003). 

From Chapter 2-5 it follows that CD chromosomes are responsible for allowing fungi to infect specific hosts and even allow previously non-pathogenic strains to adopt pathogenic growth. To explain this process, a model is proposed (Figure 6.1). Here, the pathogenic fungus (Fungus 1) contains virulence genes allowing infection of host plant A. If these genes are present on unstable regions of A-chromosomes, CD chromosomes can form due to chromosomal rearrangements (CR), creating Fungus 1α. The high percentage of repetitive DNA in CD chromosomes most likely facilitates the process of effector diversification. As discussed in Chapter 2, Ascomycetes can use RIP to deactivate repeated elements using point mutations, but it is possible that during the process other genes on the CD chromosome are also affected (Selker, 2002). The DNA on CD chromosomes of N. haematococca MPVI, F. oxysporum f. sp. lycopersici and L. maculans is enriched for RIP-induced kinds of mutations (Balesdent et al., 2013; Coleman et al., 2009; Ma et al., 2010). Duplication of genes and epigenetic silencing are also important for effector diversification. Gene duplications are found on CD chromosomes and chromosome 14 of F. oxysporum f. sp. lycopersici is enriched in genes related to chromatin remodeling (Coleman et al., 2009; Ma et al., 2010; Raffaele and Kamoun, 2012)

The newly formed chromosome (α) may exist stably in the genome if they carry genes that are essential for infection of the host plant; if not, they will be lost. CD chromosomes contain many kinds of virulence genes. Chromosome 14 of N. haematococca MPVI contains the PEP cluster, which encodes genes that detoxify phytoalexins that the host plant produces to kill pathogens, and HUT genes that confer a competitive advantage to N. haematococca MPVI in the rhizosphere (Coleman et al., 2009; Han et al., 2001; Rodriguez-Carres et al., 2008). Toxins, such as the HSTs of A. alternata are also found on CD chromosomes and are involved in inducing cell death in the host, allowing access to nutrients(Johnson et al., 2000; Masunaka et al., 2005; Miyamoto et al., 2008; Tanaka et al., 1999; Yakimova et al., 2009). It is thought that the SIX genes of F. oxysporum f. sp. lycopersici also encode toxins, but not much is known about their functions (Houterman et al., 2009; Rep et al., 2004).  Metabolic genes, such as the F. oxysporum f. sp. lycopersici ORX and SHH1 genes are thought to allow the pathogen to exploit a wide variety of carbon sources in the plant (Houterman et al., 2007; Van Der Does et al., 2008). All these genes contribute to the virulence of the pathogen, and when CD chromosomes are lost from a fungus, virulence is also diminished (Han et al., 2001; Hatta et al., 2002; Johnson et al., 2001; Ma et al., 2010). 

Figure 6.1: A proposed model for the formation and mobility of CD chromosomes for the colonisation of hosts by new pathogens. See text for description. 
Key: Red circles indicate life cycle of the pathogen on a host. Germination is demarked with g, conidiation with co, chromosomal acquisition via conidial anastomosis is marked ac. Inset depicts karyotypes of each fungal strain. Purple arrow indicates formation of new virulence genes due to pathogen evolution.

If Fungus 1α germinates in the vicinity of conidia of a non-pathogenic, saprophytic fungus (Fungus 2), it is possible that chromosome α is transferred to Fungus 2, via conidial anastomosis (Figure 6.1, green arrows), thus creating the pathogenic strain Fungus 2α. Fungus 2α can be a (non-pathogenic) strain of Fungus 1 or a completely different species altogether. Given the difference in genetic content of CD chromosomes and the A-chromosomes, it is has been concluded that CD chromosomes of N. haematococca MPVI and F. oxysporum were acquired via horizontal chromosome transfer. As CD chromosomes can be transferred between A. alternata strains and an isolate exists with multiple CD chromosomes, it is also likely that A. alternata CD chromosomes can be transferred horizontally. CD chromosomes can be transferred to vegetatively compatible isolates via hyphal anastomosis, as was shown with F. oxysporum (Ma et al., 2010). It is very likely that CD chromosomes can also be transferred to different species or between incompatible isolates via conidial anastomosis. A striking observation is that in chromosome transfer experiments using hyphal anastomosis, only CD chromosome or supernumerary chromosomes were transferred (Goodwin et al., 2011; Ma et al., 2010; Masel et al., 1996). As supernumerary and CD chromosomes are often the smallest chromosomes in the genome, it is likely that there are size constraints on the transfer of chromosomes. However, it is not known this is an active or passive process.

As the virulence genes on CD chromosomes have been shown to be enough to change a non-pathogenic isolate into a pathogen, horizontal transfer of CD chromosomes can cause the rapid emergence of new pathogens (Akagi et al., 2009; Han et al., 2001; Hatta et al., 2002; Ma et al., 2010) Iit should be noted that during the infection cycle plant and pathogen are subject to selective pressures to irradicate the pathogen or suppress the immune system, respectively. During this co-evolutionary arms race between host and pathogen, mutations may accumulate on genes of CD chromosomes, changing expression patterns or function. The high content of repetitive DNA also facilitates chromosomal rearrangements, which may lead to the formation of new genes or entirely new chromosomes (Fierro and Martín, 1999). This can eventually lead to the formation of new virulence genes (Figure 6.1, blue arrow). Newly formed virulence genes on this chromosome (β) allow the fungus to undergo a host jump from Plant A to Plant B.
The β chromosome  no longer causes virulence on Plant A, and strains carrying this chromosome can be termed Fungus 2β. Chromosome β can be transmitted to non-pathogenic strains via conidial anastomosis, but it is also possible that chromosome  β is transferred back into Fungus 2α, now containing two different kinds of CD chromosomes and able to infect two different hosts. 

The study of CD chromosomes has revealed much about their function, origins and mobility, but there are still many unanswered questions about them. It is not known whether the PEP gene cluster of N. boniensis is situated on a CD chromosome or whether a small fragment of an N. boniensis A-chromosome was transferred to N. haematococca. It would also be interesting to know whether the HUT genes of N. haematococca MPVI are als present in N. boniensis. It is also not known what the origins of the other F. oxysporum CD chromosomes is, it is possible that they are derived from the CD chromosome of N. haematococca MPVI, but this does not explain origins of the SIX or ftf1 genes, which are also thought to have been acquired horizontally (Ma et al., 2010; Milani et al., 2012; Ramos et al., 2007).
All CD chromosomes observed so far have been in Ascomycete fungi from either the Pleosporales (A. alternata, L. maculans) or Hypocreales (N. haematococca, F. oxysporum, M. anisopliae) orders. It is not known why this is the case as filamentous plant pathogens exist outside these orders as well. It is possible that pathogens carrying CD chromosomes from other orders exist, but merely have not been found yet. However, it is likely that CD chromosomes only exist within the Ascomycetes, as these fungi are the only fungi that can perform conidial anastomosis (Gabriela Roca et al., 2005). Nuclear migration or chromosome transfer is not possible between vegetatively incompatible strains, and therefore it would not be possible for CD chromosomes to be passed between species that only perform hyphal anastomosis (Ishikawa et al., 2012). 

Perhaps one of the most interesting questions that has to be asked about CD chromosomes is: can CD chromosomes bestow a fungus with selective advantages other than necrotrophic pathogenicity? As of yet, all CD chromosomes are needed for virulence on host plants, except in M. anisopliae where it imbues virulence on host insects. It could be argued that pathogen-host interactions instil a high selective pressure both host and pathogens, and CD chromosomes have evolved as a way to rapidly acquire virulence from new sources. In bacteria, not all plasmids contain virulence related genes. Some plasmids contain genes to metabolise various carbon sources, allowing growth in previously toxic environments (Ochman et al., 2000). As CD chromosomes are very small, and the karyotypes of fungi are highly variable between strains, it is possible that these kinds of CD chromosomes have simply not yet been detected. The supernumerary chromosomes of M. graminicola can be lost from the genome without any effect on saprophytic growth or virulence, while they do appear to contain a few genes. This may suggest that these chromosomes have some function and then these chromosomes would fit the description of CD chromosomes (Goodwin et al., 2011).  

The study of CD chromosomes allows an insight into the evolution of new pathogens and has shown that recent events of horizontal gene or chromosome transfer have occurred between fungi. The fact that each pathotype of A. alternata has its own CD chromosome also highlights how CD chromosomes may have played a large role in the formation of pathotypes and formae speciales (Johnson et al., 2001; Masunaka et al., 2005). It may also be helpful in the discovery of new pathogens— N. boniensis was only discovered as a pea pathogen after the PEP cluster was discovered in this fungus and its pathogenicity was studied (Temporini and VanEtten, 2004). Some tomato cultivars are resistant to F. oxysporum f. sp. lycopersici due to the presence of the I-2 and I-3 R-genes that target the SIX2 and SIX1 genes (Houterman et al., 2009; Rep et al., 2004). Study of CD chromosomes in fungi may help  choose breed resistant crops specific for areas where pathogens carrying these genes.   

As was seen in A. alternata BC3-5-1-OS2A it is possible for fungal strains to exist with multiple CD chromosomes. These strains are able to infect multiple hosts (Masunaka et al., 2005). These strains could also easily created under laboratory conditions, using protoplast fusion experiments, showing that these lines were stable over several generations (Akagi et al., 2009; Akamatsu et al., 2001). Furthermore, it was demonstrated that A. alternata carrying the strawberry pathotype 1.05 Mb and tomato pathotype 1.0 Mb CD chromosomes infects both strawberry and tomato (Akagi et al., 2009). Horizontal chromosome transfer of CD chromosomes may enable the formation of super pathogens with a very broad host range. If this happens, this may have severe effects on agriculture, which is why it is necessary to learn more about the origins of CD chromosomes and the exact mechanisms through which they are transferred between isolates. 
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Figure 2.1: Partial electrophoretic karyotypes of N. haematococca MPVI strains. Chromosomes were separated using CHEF; conditions were optimised to clearly resolve small chromosomes < 3 Mb. Chromosome 14 is a CD chromosome, 15 and 17 are supernumerary chromosomes, and chromosome 16 is an A-chromosome.
Lane 1: S. cerevisiae (marker), lanes 2-5: N. haematococca MPVI. Strains 77-13-7 and 77-13-4 are pathogenic isolates. These strains were treated with benomyl to induce chromosome loss, creating the non-pathogenic strains B33 and HT-1, respectively. Adapted from Coleman et al., 2009

Box 3.1: Plant defense hormones and plant pathogens
The plant hormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) are the key hormones at play in the plant immune system. SA biosynthesis is activated upon recognition of biotrophic pathogens, which leads to the systemic activation of the NPR1 protein. This protein is responsible for the transcription of pathogenesis related proteins (PRs). This allows the plant to resist or rapidly quench subsequent infections via the hypersesnsitive response (HR), which causes localised cell death in plant tissue. Biotrophic pathogens require living plant cells, which is why SAR and HR are effective against these kinds of pathogens. 

SAR and SA signalling is important against biotrophic pathogens because of its reliance on HR, and therefore this pathway is not effective against necrotrophic pathogens (Pieterse et al., 2009). 
The jasmonic acid and ethylene signalling pathways (JA/ET) are important in the defense against necrotrophic pathogens and herbivores. Some pathogens, however, have put this to their advantage so JA signalling causes disease susceptibility. An example of such a pathogen is the tomato pathotype of A. alternata and this will be discussed further in Section 4.3. 


Figure 3.1:.Structure of strawberry pathotype AF toxin (A), Japanese pear pathotype AK toxin (B), tangerine pathotype ACT toxin (C), rough lemon pathotype ACR toxin (D), tomato pathotype AL toxin (E) and apple pathotype AM toxin (F). Biosynthesis pathway of AM toxin and AF toxin I from valine is shown in G. The conversion of 2-keto-isovaleric acid (2-KIV) to 9,10-epoxy-8-hydroxy-9-methyldecatrienoic acid (2-HIV) is AftS1 and Amt2, then 2-HIV is converted to 2,3-dihydroxy-isovaleric-acid (2-DHIV). Figure adapted from Ito et al. 2004, Hatta et al. 2002 and Thomma et al. 2003. 


Figure 3.2: A: Schematic representation of the PEP cluster of N. haematococca MPVI and F. oxypsorum f. sp. pisi  (A). Rectangles represent the relative position of each gene (not to scale). Detoxification of pisatin to 3,6-dihydroxy-8,9,methylenedioxy-pterocarpan (DMDP) by the PEP cluster protein PDA1 (B). Detoxification of maackiain to 1a-hydroxy-maackiain by MAK1,(C). Adapted from: Temporini et al. 2004, George et al. 1998 and Covert et al. 1996. 


Box 4.1: Necrotrophic and biotrophic fungal plant pathogens
Plant pathogens can be subdivided into two main groups based on their infectious strategies and how they acquire nutrients from plant cells. Firstly, such as the fungus Blumeria graminis  extract nutrients from living plant cells by forming specialised structures such as haustoria (Faulkner and Robatzek, 2012).. A haustorium is  a branched hyphal structure that infiltrates the plant cell without penetrating the cell membrane. Biotrophic pathogens produce lytic enzymes and toxins very sparingly and secrete effectors into plant cells via the extrahaustorial matrix between haustorium and plant cell (Faulkner and Robatzek, 2012). It is currently not known how effector molecules enter the plant cell from the extrahaustorial matrix. Obligate biotrophic pathogens cannot survive without a host plant, whilst other biotrophic pathogens can also subsist saprophytically .
Necrotrophic plant pathogens, on the other hand, kill host cells using the released contents of the cell as nutrients. A. alternata, F. oxysporum and N. haematococca MPVI are all necrotrophic pathogens. Host cells are killed using enzymes such as cellulases and pectinases to destroy plant cell walls, or by using toxins that disrupt plasma membranes or induce apoptosis (Akagi et al., 2009; Faulkner and Robatzek, 2012; van Kan, 2006). The genome of F. oxysporum f. sp. lycopersici, for example, encodes a wide array of cell-wall degrading enzymes (Ma et al., 2010). Toxins secreted by necrotrophic pathogens can take up several forms, from the small proteins, non-ribosomal proteins or amino-acid derivates (Wolpert et al., 2002). Toxins disrupt normal cellular function, causing apoptosis, usually via the production of reactive oxygen species (ROS) or inducing a hypersensitive response (HR) (Wolpert et al., 2002).
Not all pathogens fit precisely into these two categories. Some pathogens, such as Magneporthe grisea are hemibiotrophic pathogens, which first go through a biotrophic phase and later switch to necrotrophic growth. This section will focus on necrotrophic pathogens, as currently no biotrophic pathogens with CD chromosomes are known.

Figure 4.2: The “Jump or Die” model for pathogenic host jumps as postulated by Raffaele and Kamoun, 2013. 
Pathogens that can jump to new hosts are less at risk from extinction if the plant host lineage (green lines) goes extinct (cross)  than pathogens that cannot. Pathogens with highly adaptable genomes (A) carry a bigger effector repetoire and are able to jump to several hosts over time. Pathogens with less adaptable genomes (B) have less effectors and therefore less means to adapt to new hosts,  which affects the frequency with which they can jump to a new host. They will not be able to jump multiple times, ultimately leading to extinction of the pathogen. 
Adapted from Raffaele and Kamoun, 2013.


Figure 5.2: Anastomosis in N. crassa. Confocal images of hyphal homing (A), hyphal fusion (B, marked with arrows) and nuclear migration (C). Figure C is a merged image of FM4-64 stained cell membranes and histone H1-GFP labelled nuclei. Scanning electron microscopy images of germinated conidia (D-F). In Figure A long tubes are conidial germ tubes, thin tubes are CATs, aterisks mark fused CATs. In Figure E-F, conidial germ tubes (g), CAT (c) and fused CATs (f). Scale bars represent 10 μm (A-C) or 2.5 μm (D-F). Adapted from Glass et al., 2004 (A-C) and Roca et al., 2005 (D-F). 
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